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Infrared rays are being, increasingly used in various fields of saciezce and tech- 


an 


-‘nolegy. The rising interest in this field of the upectrus of electromeumetic oscil- 


1: lations is therefore understandable. ‘ 


Nuring recent years sany works on the principles of physics and technology of 
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.,7 the radiation and registration of infrared rays have appeared. The eathors of the 
7 ". book have set themselves the task of systenatizing and scmmarizing these scattered 
‘ "data. 


In this book, presented for the attention of the reader, are the principles of 


a- 7 . Z " : 
- the physics and technology of tadiaticn, propagation, and reception of infrared rays I 


: — including a number of data of handbook character. 
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This review makes no claim to exhaustive coverage of the questions discussed, 

+: since it is one of the first attempts to systematize the materials in this field. It . 
. “way be used as a handbook and a textbook. 

= The introduction, Chapters I-VII, and Section 75-76 of chapter VIII, See- 

one 82-84 of Chapter JX, and Chapter XIII have beens writtes by T.A.Marzolia; See- 


“—~tion 17 of Chapter VIII, Sections 78-81 and @5 of Chapter IX, and Chapters X to XII 


” =" by the late N.P. Romyantsev. 
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The historic directiverz of the Nineteenth Congress of the Communist Party USSR 


Loe 


on the Fifth Five-Year Plan of development of the USS for 1951-1955 point out the 


* necessity of widespread autozatica of tke production process, aad of increasing, 


2) —withia the Five-Year Plan, the production of iastsaszeats for ceatrol, autceation, 


42 aad ielenechanizs by about 2.7 times. 


e 
a 


A pusher of such instruments use elonrents of infrared technolozy. Infrared 


2: —technolozy is + new branch of eodern techoical physics, covering a side range of 


t1_ probleas cunne::ted wich the physics of radiation, propaga*ioa, and recordiag of as- 


->__frared rays, with the techrology of develéprent sad manufacture of iafrared radi- 
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>> ators, with tke technology of the Aevelonment of indicators (radiation receivers), 


14 special optics] systems and optical filters, aad with the epplicstion of these ele- 


:. ments to various scientific research fields, as sell as to industzial aad aiiitary — 


32. Purposes. : 


age The development of infrared technology is isseparably linked with the names of! = 


ey 


our greatest fussiaa scieatists. 
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= Im 1878, the outstaadiag Russian electrode technologist P.N.Yablochkoy 
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faveated 


—a radiator with zn iacasdes:enc body ia the forw of 2 rod asde of a mixture of ha- 
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—olin aad magnesia. This radiator is a very good suerce of infrared rays aad is 
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—therefore wicely used ia variounx scientific studies. 
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a In 1888, the outstanding Russian physicist /.G.Stoletow was the first to give. 
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—a scientific explanation of the pheaosenca of the external photoelectric effect, 
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at In 1895, the great fussian physicist P.N.Lebedey designed the firet oretstyss . mene He = ne . totes oe (ee Se BS ees oo . : 
* i 7 ' 
a | ’ a 
{of the vacuum thermoelectric cell, one of the basic forms of indicators of infrared = ‘ 
- 8 . ‘ : 
" _jrays. BA EA Se 9 Gee acl oe : 
,o em = Siem 
In the postwar years, Soviet industry achieved great success ic the introductioa Lal 
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“and mass production of various forms of modern infrared instruzents to meet the re- 


es ee CHAPYER I 


quirements of the nationcl econouy. These instruaents, designed under the guidance 

















‘+ and participation of great Soviet scientists and specialists such as A.A.Levedev, — BASIC CONCEPTS AND DEFINITIONS RELATING TO RACTANT EXERGY 
**- G.S.Landsberg, G.G.Slyusazev, A.J. Tudorcy skiy, I.A.Shoshin, and others, are superior *  Sketon i. Redicat Ener 
a _ Se - Redisat gy 
) in a number of basic parameters to analogous foreign prototypes, which is evidence 1e _ The £ visitl d iavisibl isk la 5 Fadiat; 
a Nita ae “= © energy of vizikle and iavisible rays is kaown as rediact caurgy. iation 
<\. of the high scientific and technical level of the mechanical optics industry. nr ae the: Wisible:cepica of the-Spectven :(4isib18 cava) ae called 12 aie 
Bea The design of the individual elements of infrared tecbaology and the solution 72 In soders physics, light is considered a flax of material particles possessing 
>._.0f the coaplex theoretical questions vere propegated by the Soviet scientists se ee and gazntcm properties. Certain optical phencsena are well explained Ly the 
on ~S.1. Vavilov, A.A.Glagoleva, Arkad’ yeva, M.L.Veyngerov, B.P.Koszrev, M.A.Levitskya, Pees , 
_ a +r 
> _ N.C. Seirnov, N.N.Tererin, P.V.Timofeyev, N.S.Khleknikov, V.V.Shaleykin, and many ee Table 1 
; “others. i ae Relation between Laits of Weasurenent of taergy 
ae There is no doubt that in future years, infrared technology will make new aad = 
7 Sreat advances ia ita development. 
a ; | les mole 2.39% 108 | 2.39% 10°11 
a 1 joule wr 0.239 2.39 x 10°4 
3°_ 1 kilojoule 1018 1 239 0.239 
; 1 cel 4.18 = 107 4.13 < 1073 1 os 
eo. 
44 1 keal 4.18 x 1018 10° I 
so] oe 
s : .,__vave mechanics of light, others by the quantum theory. The wave properties are due ' 
a ., te = face that light consists of electromagnetic waves. The quaatus properties ; 
$4, : 7 oS } 
— ' --are characterized by variations ia the energy of light ia definste porticas kaow 
48} , ae 
=! : : —asz light quaata. f 
SJ, . 7 a c és e electro, Fe . . ; 
( 4 on This is also true of the radisat energy of the iavisable part of the spectrum. : 
‘ ae 3a 
-| ae If radiaat energy is absorbed by bodies on the path of its p'.opagation, it is 
ae Be fors oe ond Meat eats eee eke See |, 34 yemmne ae nnn - 2 tm eee tee eee Be aS Pages, pean ee ntl 
a pr EG NO, SPE OTE pees eee _.traasformed iato other forms of energy, thermal, electric, or chenical, with the law ; 
ay Fas ar Ba eto) Geese ot eee sR oat prinshad si obates 
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—uf conservation of energy ‘being obeyed. 
2 at ; 
i. Hadiant energy is measured in ergs (erg); joules (j) aad calories.{cal)... 
r Le 
‘Table 1 gives the relati- ns between these units. 


ere me ee 
een we 


et tie be 

_ Section 2, Quantities Characterizing the Oscr] latory Process 
? e 

W cuit Electromagnetic oscillations are characterized by the sime fundamental quantity 
+ 


12 as mechanical harmonic oscillations. 


- 


If a point executes harmonic cscillatory motions shout * point of equilitrium, 


Vaio. 


- the deviation y from this position for any instant of time t is fund frow the formus 


t 


y= A cos (2K = + 6) (@) 


2, where A * asplitude of oscillations (maximum deviatiou from the position of equil- 


ay: ibrius); 
>. T = period of oscillatioa (tine of one full oscillation): 
(> ~ @ = initial phase (quantity defining the deviation from the point of equil- 


als ' 
ibrium at the initial instant t = 0). 


By laying of £ the time on the abscissa and the velue of the deviation y om the 





ordinate, we obtain a greph of the harmonic os- 
cillatory motion (fig.1). 
The guantity 2 * = +g is erlled the prase 
of the oscillations at the instant of tire t. 
After every period, i.e., at t eqal to T, ZI, 3ST, 
ete, the deviations y are the seme in wagnitude 


and sign, for example at the instants of cime tj 


Fig.l - Graph of Harsioric : 


This corresponds to the saee phase of 


45. Oscillatory Motion and tz. 

“ = oscil] lation. 

os. \ \ 
(. = The number of full cycles of oscillations ia unit time is called the frequeacy 
we les 


...of oscillations v. This quantity is reciprocal to the oscillation pertod. The 


eee ee 


~ cycle (c) has been adopted as the unit of oscillatica frequency. This is the fre- 
56: g he: 
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-'quency at whirh cne fall oscillation takes place in cae secead. 1 
2 nt 
..— . The propagation cf oscillatory (wave) uotica ia aay aedivs is characterized Ly: 
4 
~ I the wavelength A, equal to the distance Letezen the two nearest poiats cor- ! 
ue respording to the sme arplitades and differing in phave ty the period T; | 
a i 
= 7 the welacity of propagation of the wave rotion v, eq.al to the diatance ac. 
oa which the wave is propagated ig usit tine: 
= .* @ 
Vv -_ 
14. I ) 
—— Ie a medjss with a refractive index of a, the velocrty of propagation of the 
Lz ; 
«—~wave notion will be 
2 
c 
— v zB aa —_—— — 3, 
aS . (3) 
72 -~shere c is the velocity of propagation of light in a xedius with the refractive ia- 
7. --dex of an * 1, egual to 2977. £ 11 ke/sec: 
ee Table 2 
a3 Relations between Units of tavelcngth 
ft The wavelength A, the velocity —f light c, the period T aad the frequeacy ¥ 
s _ are correlated by the radiatiea 
ed 
it~ € 
t = . 
al X= oT * ; {@) 
342. . oh Mase a ese ee ee Sea et te 
= ______ Electrosagaetic waves have a very wide range of wavelengths; therefore, to- 
ea S 
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- gether aith the units of Inrgth used for ceasuring radio waves (m, on, sm), unite 
Viel 


— gions. 
om! asd 
_ Like the wicron (p), millisicron (ep), Angstros (A), and roentgen (X) are also used 
t 


' The gaenn rays are the extrese, shortest rays of the spectrum aad are redisted, 
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"Thin the short-wave region of the spectrum. Table 2 gives the relations Letween these *—4Hhy radioactive elements. 


: . 2 = _ —_ ¥ . woe 
"units. Ne yS Te er he SR ge ae ecw Ne wr cee SNe X-rays are very short electrocagnetic waves exittid by salid todies-strack by 
— 1 so. 
ne ae ~-hugh-speed electrons. A-rays have hich yesetratiag power and act strongly oa the 
Section 3. The Spectrum of Electromagnetic Waves : - : 
{ "%-+ 1, bagan organise. 


hoe. The totality of all clectrowagnetic waves forus a spectrum of electromagnetic The region of ultraviolet rays is kounded ty the regions of X-rays and visible 


rays. The electric arc, as wel} as quartz and cercory lanps, are good technical 


- 


— sources of ultraviolet rays. 


|. waves with wavelengths frown 1 x 10°!1 to 3 * 1010 ca. This spectrua can arbitrarily 


ce 


Table 3 Ultraviolet. rays can Le detected by photographic acthodsz, ty the fluoresceace 
13 te 
7 Scale of Spectrum of Electromagnetic Waves __and phesrhorescence caused Ly these rays, and by ceans of shotocells and cherso- 


ar 
al 







“electric cells. 


Yarel ength 


- Spec’ rum regioca ls conventional wits | 


Longer than 20,000 a Longer thaa 2 * 106 






The visikls rays cecupy the narrowest segeent ia the electromagaetic spectrua: 








-"--0.4-0.76 np. It has Leen dercastrated Ey Soviet scientists, particelarly by 





Low- frequency occillations 





= _N.1.Pinesie, that the Loundary of the ~isikle region of the spectrum is Ceterziaed 


























ee Long 20, 000-200 2x vWF -2~* 165 ce 
- Fadi Medi um 2000-200 = 2x 10% 2x 398 --__ky the pover of the radiation susice and the degree of adaptatica of the eve. Thas, 
° © 4 
2 waves Short 200-16 z™ 10*- 1 103 . —ia the infrared regioa of the spectrea, the threshold of sensitivity of the eve goen 
ae Ultrashort 10-0.5 m 1* 103 - 0.5% 17 = 
oes Microwaves shorter than 0.5 = | shorter thea 0.5 * 107 sas far as 0.85-0.90 u whea the power of the radiatica source is igcreased ty bkundreds 
Sos 77 = 
J Loug-wave 420-106 u | 4.2% 19°? to 1 1072 —of *housamts of' tima,- De properties and cegions of applicatice of the visible 
24 : 2 = 3 3+ : : 
Medius-wave 100-15 4 p 1* 10" wo 15 10 rays are Lrown from courses ia physics. 
rams Short-vave 15-0.76 u 1.3 = 1073 to 0.76 « 10°* < es “a a “ bs 
rs ° fae afrared rays, invisible to the eye, oc e region of the spectrom free 
ate Red 7600-6200 A 0.76 * 10°4 co 0.62 x 1074 ee : cae = 
co Orange ee 0.62 x 10°4 to ¢.59 « 10°* -~—~akout 0.76 to 40-420 u, lying between the red rays of the visible part of tre spec- 
a Yell 5900-5600 0.59 x 10°4 to 6.55 * 10°74 = 3 
eon G ee 5600-5000 A 0.56 * }r4 to 0.5% 4 4f_trom and the ultrashort radie waves. ‘They possess the sané properties as the visible 
a 
ae) Blue 5000-4800 4 0.5* 10°74 vo 0.48 x 1074 (Oa ee . ; sh cote ee 
es ‘vise 4800-4500 A 0.48 % 10°* to 0.45% 10-8 | — ulizeviolet rays, i.e., their propagation is ee! aad they are refracted 
Bee Violet 4500-4000 A 0.45 x 10°4 to 0.4 1074 y:_aad polarized. isfrared rays are radiated by the outer electrons of atous aad noie- 
t es : 
5 4000-50 A 0.4% 104 to § x 10°7 +, cales as a result of rotary aad oscillstory moticas of the solcceles. 
50-0.06 A SX 107 tw 4x 19°18 = | 
$s 40 X wd shorter 4% 10°! sod shorter : : i These rays are sosetizes called thermal rays since their radiatioa is de- 
ss ; gn termined by the temperature of the radiating body. 
— aes 
au divided into separate rcgions which, ia part, overlap. ; oe The aethods of excitatica aad detection of iafrered zsys vary accordiag te the 
— Figure 2 gives the range of the spectrum of electromagnetic waves on a logar- —wspectral areas. an 
Bh See Ne ee HEN IN res Re ay tees : Shee Sat ar Se a ee Sige oe es eae eae eg eee ae 
es acale. Table 3 also gives the division of the spectrum into separate re- i ‘The regioa of infrared raya cay be erbitrarily divided isto three regions of 
7 ae eee Sete is Sehr atte ene Ghee oe eh a aks. “tele S$ pe er ee eee Son eg Maa sais “Bee 
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— the spectrus: short-wave (0.76-15)), ‘medium- 


Sal bestedisdics GUL cecctaca ass, 


° si onve (15-100) and long-wave (119-420n). The. ; . - The Louadary savelength of 15u for the 2 te 158 portion of. the spectros is de-. 


s 


short infrared rays (0.75-15) are the most “a terminec Ly the absorptian of infrared rays in the ateosphere; water yapor, always 


_, fully investi ested and utilized in technol- : "__ present in the ateosphere, alsos: completely absorts infrared ravs cf wavelength: 


ao ee Ome Wee 8 oe et eed fO* 


- owy. They may be divided into separate i 7 longer than 14-15u. 


zones according to the type of receivers ; : Sources of infrared rays of this part of the spectres are ail] Leated todies of 


i.- used. ~ tezperataures stove 45°K as well as rod and cap radiators. 


Infrared rays of a wavelength from Yofrared rays cf the long-wave postion of the spectrum have not vet Lees 


is 0.76 to 9.3-1. 5u are detected by photocells studied such. Their sources are all] bodies at teeperatures above absolute zero; tet 


1g__#ith external photoeffect, by specialiy the energy rsdiated ty thee is so szal] thet it can hardly be cetected by sensitize 


2o__treated (infrared-sensitized) photographie thermoelectric receirers. Works Ly the noted Soviet physicice A.A.Glagoleva- 


:>_Plates, and ky the methods of extinction *_ Arkac’ yeva are devoted to this region of the isfrared spectraz. He has tuilt a 
>;__0f phosphorescent screens. For the record- i’. special radiator (eass “radiator® emittiag infrared revz of watclengths cp to aloat 


o 0.1 zm). ; 


a. ing of infrared radiation in this zone, all 


—— 


_—~ forma of thermoelectric r2ceivers and photo- 


—_— 


cells with internal photoetfect and with . 


“ 


—photoeffect in the blocking layer are also 
2 


Pedic waves are waves which have wavelesgths from cilliseters to a few kilo- 


- _ “meters, aad are widely uzed for radic coecunicatsoa, radio broadcestiag, radio !e- 


“~ cation, televisica, etc. 


. Low-frequency oscillations have tke longest waveleesth. Their soerces are ia-- 


a od 


3, Custrial alterneting-curzeat geserators. - 


__descent lazps, various gas-discharge lamps, 
vo Sand all heated bodies with tczperature , 


ate above 280°K. 


a3 


“tend To detect waves of wavelength fros 


Fig.2 - Scale of “Spectrum of Electromagnetic Waves 
e) Hedio waves; f) Infrared ravs; g) Visible rays; 
h) Ultraviolet. rays; i) X-rays; j) Gamma rays 


a) \ (Logarithmic scale); b) £, cps; ¢) Name of 
upectral region; d) Low-frequeucy oscillations; 


— 
* 


“~1.3 to 7x, photesells with internal phote+ 


*. effect are used, as well as al] therac- 


_e 


i ae electric indicators. Sources for scch 


5-— waves are electric incandescent lamps, 


— 


3-. “high-pressure. and extreme-pressvre @creury. . . Be epee Doe Seals ee 


$_. leaps, special red aad cep radiators, and 
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CHAPTER IT 
ENERGETIC AND LIGHT-TECHNOLOGICAL QUANTITIES 


37 Section 4. Energetic Quantities i 


6 Radiant energy-anu all quantities related to it are measured in energetic or 


- 


~~ light-technical units according to the spectral composition of the radiant energy 


and to the features of the receiver used for the neasurenent. Energetic quantities 


Te 


—-are used when the receiver reactz in the sene way to radiant energy over a wide 
a ° t 


—range of the spectruz of infrared rays. Receivers of this type are called sonse- 


lective. Such recenvers are, for exemple, thermoelectric ceils which transform ra- 


“T diant energy into thermal energ7. 


a - 


a If selective receivers whose reacticn depends om the spectral composition of 


*—the rediant energy are used for the aezsurement. (such as photocell or photographic 


— 


5—plates), then the selection of the unit of meisurcnent depeads on the band of the 


<— spectrum in whick the receiver operates. In the infrared region of the spectsum ca- 


——— 


Mm _ergetic quantities are usually employed. For measuring radiact energy ia the vis- 


Sa 


*_ible region of the spectrum. optical-engineering units are used permitting aa evalu- 


— 
: 


:_ ation of the perception of light by the eye which reacts to a radiant flux only ia 


.3__the visible region of the spectrum. : 
’ i 


~“Kadieat Flux ; 


§ 


Aig 


a 


ee the radiaat flux & 


The quantity of energy radiated (absorbed or transferred) in uait time is called 


4 i. If, - during: the-tine-iaterval. t, the zadiant energy Bia radiated, thea the. ran 


wee 


Sa divest, Stl dees s -. 


me lt we a Ow es eee er 8 
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ee 


Radiant flux is siessured in pnits of power. The relatioas brtreas these units 


- are given ia Table 4. 
? 
Table 4 
Relations between Cer’.ais Units of Power 
erg/sec cal/see 
1 erg/see 1 
1 cal/sec 4.18 * 107 
1 watt 10? 
kw 3018 
— Energetic Power of Light 


The energetic power of Licht I,, represents the radiant flux per unit solid 


-- angle ©, through which it is propagated: 


(6) 


(7) 


The energetic power of light is measared ia w/ster, erg/sec-stex aad cal/sec- 


~~ ster. 


Note. If the area S, equal to the square of the radiuz of the sphere r is cat 


ec out of a sphere aad the Loundaries cf this siee are connected witk the ceater of the 


sphere, thea the solid aagle will be equal to unity, since at S = r? 


Se ee 


_ ee mn ee ee me re ee ee 
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0 oe % saipesaeeet wet ie SS eeees 
: 


os Therefore the solid ‘angle, cutting m out on the surface of a “sphere an area emai: 


, 


__to the square of the radius of this sphere, is taken as the usit of solid angle and 


” 
were 


is called a sterauian (ste). 


The solid angle w is related to the plane angle a by the relation—~- 


w= 2n(1'— cos @) (9) 


a 
a 
i 


= The quantity @ 1s dimensionless. 


— Energetic Illumination 


wm mee te 


The radiant flux incident on unit irradiated surface is called the energetic 


- illumination, or surface density of incident flux, and is expressed Ly the formula 


a 


ms t 
Olas dt 


a i ER. (10) 


2+. where dS = element cf illusinated surface; 


> ad? = flux incident on this elesent of sur face. 


-— if the surface is illuminated 5; 2 ppiat source over the definite solid 





Sis. angie du, eq.(10) takes the form 
se: : de 
eon Eon * Tea Gg (11) 
oc 

Wi ' 
5-— Fig. 3 - Giagrem for Determining Let us imagine that the roint source of 
eo Energetic Illumination 


light C (Fig.3) with the energetic light intea- 


+ .- sity Tens illuminates the surface elexcat dS in the solid augle da Then the solid: 


| 


* -— angle in' which the element of aurface is illuainated is equal te 


(12) 


I : : 


r * distance from the source to the center of the area dS, 


reef ace ed ocd: ou amines, enie , Sieeientes, SS 


se Substituting the value of dw from "eq. (12) ia eq.(11), we get 


’ 


in 
3 


re ee ome ee 8 ee ee 


se 


ee een ~ ee Rw ce emmys: en -_ - wae 8 eee -- - 
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b bSeee . ene SERURES SS eT me att eee 
omer * mere ae OEE OTe Fee ow we z ~ a ~- - onky as ~~ ie. ene = 
’ : 
— 
¢ 
eee ian ae aca ioe Sa as elas SS a a oA Se le 4 
-! : ! 
nol : je 
7 \ t. s d¢ a I 
; a EeseuaG, Glee ea ”- 55 alae Wn nie mene SDL j 
1 . ? ‘ 
ct 
| _3 Equation (13) expresses the law of iaverse squaves, accerding to which the il- 
} 
t 
| 


_:lumination of a surface is directly proportiunal 10 the light intensity and inversely 
“"preportional to the square of the distance Letuen the radiator and the irradiated 


- surface. 


! ond 


Energetic illumination ia aeasured ia watt/ca?, erg/sec-cm? end cal/sec-ca?. 


. 
3 


| 


‘ The radiant flux emittud ky unit of radiating surface is called the energetic | 


: i lusinosity, or the surface density of the radiant flux emitted. The energetic .lumi- 


ze _ fosity is defined by the formla 


— 4 


" @@ 
ae RR * os (14) 


ae . 


vow 


= i 
“ —where d@ in the radiant flux radiated by unit surface dS. 


ar 


3° 
eo 


Brightness and illumination arc wensured ia the sane units and differ only ia 


me 


s that the brightsess charncterizes the ~adiation from this surface, while the illusi- 


i:_. nation characterizes the incidence of the light flux oa a surface. 


_. Energetic Brightness 


4g 


“ae The radiant energy emitted by unit surface ia a specified direction is called 


Fe ees 


energetic brightness. The energetic irigitaeas B,, is equal to the quotient of ea- 


aa 
? to 


__ ergetic luminous intensity of a surface ceasured ia a givea direction by the area 


of ths epitting surface projected cnto a plane perpendicular to the direction coa- 


¢ 2 ‘“ 
WC sidered: : 
J ; 


VSewand 


i 
3 
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STAT 
ALL. 
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aa 8 tem rary = 2 
: ee ee were ee eee wee 
Sas © me enti tte 2 temas @ Ganee: we . owe _ smote, 


é 
ee Oe TETRIS URI ne ne et 





et kee ee ee ee ereee OA mew | fe Ole 8 meee eee we mem - nee 


~ @ = angle between normal to the surface and the given direction. 


When a luminous flux is emitted uniformly in all directions, the energetic 


: “Leightness is defined by the forsule 


2 Bt a (16) 
Pa, en dS 
et 
font 3 ‘ : é . 
as Fnergetic brightness is measurec in wattsste>-ca". 
bo 
, ” The Cosine Law. Relations between Energetic Qusatities 
—_—S 
is The variation in che energetic luminous intcasity of light, depending on the 


1¢ _ direction, obeys the cosine law in most cases: the luminous intensity of a radiating 
29. surface of unifors brightness is proportional to the cosice of thz angle of radia- 


4-7 tion. In its mathematical forms, this law may be obtained froa eq.(15) 


4 
+ 


2 es I 
oe B,, * & 
on” : § cos 4 





o-__ whence the luminous intensity of the radiating surface is 


“7 j 
2 ‘ 

2 I, ~ BS cos @ (17) 
Soa 

an re : wea be 
om The cosine law gives simple rejations Letween certain quantities. 


From eq.(17), iff the energetic brightness is known, we can determine the en- 
.— exzgetic luminous intensity of the surface and, consequently, aiso the total radisat 


flux emitted by it: 
3 


‘ 
t 


a $= xB, S (18) 

3 
i. Substiteting the value of 4 in eq.(14), ve obtain the expression for the lumi- 
__noaity i 

45 | ' 

su RL. * *B,, (19) 
eh ' 


= ‘ « ° ° 
ies Thus, the lesinosity of 2 eurfece obeying the cosine law of radiation equals 
34. gta-energetic brightness multrplied-by ®e—---- - = = = 


3. 5 Let us find the relation between the illwaination and the brightness of. aa 


ee cere rg ee res ee ree Oe ee ee CO a Re ES 


ee 
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ev a 7 : 
3 
een : ~ ote on ee = ‘ 
oe 8S TREN ees —- 3 = . om ~ a. “es 
0 mer ee Sees seas oe eke 
—ideally scattering surface. An ideally scattering surface ia a suriiace reflectiag 
ee 


- 


all tue incident. light flux regardlens of ‘the direction of its iacideace aad diss. —, 
ret 


trikuting the reflected flux Ly the cosine !aw of radiation. A shite watte surface ° 


~ ia an alsost 1deal scattering surface. © +> 7 77 


4 


eS mere rer ee nee Ome me ome 





etd 


» 


A light flux incident on a surface is characterized Ly the illumination produced 


‘by it on that sur face. 


—_ 
- 


An ideally scattering surface completely reflects the incident flux without ab- 


"* - sorbing any of it; : 


- way therefore Le considered that it emits the same radiaat 


‘= — flux. Consequently, the energetic luminozivy of this surface ; 
ae 
es a... 8 E (20) 


~ ee en 
. 


come 


o> __i.e., the energetic luminosity of an ideally scattering surface is equal to its ea- 


s4__ergetic illumination. 


dar Since the radiast flux is distributed Ly the cosine law, the energetic brisht- 


ight 
_ “ness is @ constant quantity and, according to eq.(19), is equal to (considering that, 


Re, * Een) 


—for an ideally scattering surface, 


a 
wn 


a2 B a Fan 


a * (21) 


nd 


lls 


>! 


4 


iz_ti.e., the energetic brightness of an ideally scattering surface is eqaal to 1%8 en-: 


— 


2L.- ergctic illumination divided by x. i 


| 


vm 


ber 
“~ Section S. Certain Properties of the Hoan Eye 


. 
s 


be 


— The properties of the eye play a substantial role im visual seasureneats of 


When a radiant flux ctrikes the retina of the eye, a photochemical : 


“_ process takes place. 
4 


__ certaia photosensitive terminal nerve cells, the soccalled rods and cones. This 


— radiant energy. 
ok 


It censists of the stizulation under the action of light of 


-"— Ssigulation is thea transmitted to the brain. | M ‘ 
ad t 
= The cones constitute the apparatas for daytiue vision, functioning at high il-. 


24__ lesinations, aad. the rods,.the apparatua for_nocturnal_and tealight vision, fance__ 


— 


ff tioning at _low i) }uminaationn. 


i a 


The cones enable us to discrisiaste color, siace _ 
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+00 ements ete 5 0 eee es me ret eee ee Me 


Oe ee REE ONT PE PAO Wet Ree ee my ee ns 


Ogee ee 


~'they perceive the frequencies of ‘the lishe ‘spectrum differently. eee 
Dat 


ow ome 


“ithe eye, constructed according to the data of Professor N.F,Fedorov (Fig. 4), show 


¢ 


4 har gyg with respect. to the maximus of cone sensitivity 

rer 1 “ 

ee — S VW (A * 0.5552). 

= ss ¢ 

1. “ / i\ " The time required for the sensation of 
ae \ 

es 5 ; H \ ; light to be produced is from (,] to 0.25 sec, ace 

\ 

ees 64 : / ‘ \ cording te the intensity of illuzination (bright- 

me eg gf ie a ness) and the wavelength of the light. 

ee” Dace Sos 


C4 O85 OS asSs O58 455 27 
a) 


Fig.4 - Spectral Sensitivity of 
the Eye 
HK - Rods; C - Cones 
22: a) Ravelength, u; b) Spectral 
_ — sSenritivity in arbitrary units 


eee 


the light threshold of the eye. 


The light 
threshold of the eye is about 1 =x 10°!* - 
§*°2 erg/sec. 

The resolving power of the eye is charac- 


~ 


* — terized by the sinizus angle of resolution at which the eye is able to distingvish 


*2two pointa or lines of an observed object. The aagnitude of the resolving power is 


“+ inversely proportional to the angle of resolution. Under the conditions o1 noreal 


3:_illamination and good contrast, thix angle is equal to one minute. As the illani- 
3>__natiocn decreases, the resolving power decreases since the angle of resolution ia- 


4g _¢reases, reaching 10-17' for observation in twilight or dusk. 


q> 3 The eye is able to distinguish objects because of the contrast between the 


‘ ._ brightness (cr color) of an object and the background against which the object is 


; 5__ observed. 


_, 7 defined by the fornala i 


Noe, 


o 


———? 


5 
ea a Sa setae 


3S where B, * brightaass of the object; .-.—_. - 


eee eS EN oe Tr TES TT 


ee en a Re OF OTE 6 OL Ot wae, 


ee ee 


_The curves for the cones (C) and the cods (H) give the spectral senzitivity of | 


‘that the maximus of rod sensitivity is shifted toward shorter wavelength (A = 0.507) 


The minimum radiant flux ¢,, capable of pro- 


ducing a sensation of light in the eye is called. 


The contrast between the brightness cf an object and that of the backyround is. ' 
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- ee 
vee Tes eee ne em SEPP TIEY 


ae Nee cee ON FETE Ree ee ae 


0 Or ee en cee ee nen en ter te ene eens | 

3 B, = briphtnexs of the Lackground. | : ' : 

4 ; } 

i 


gate, Set e2 jes Beate ec ee cna 
tn 1 (Subject Method of Vessur Rad t. Energy 
, ; 1su8 jective) Method of Messuring Radian er 3 


The visual (subjectice) evaiuation of the quantity of radiant energy. is. based...’ 
—_s 3 


-- on visual perception so that visual ceasurenenta are possible only in the visible 


et a 


* — portion of the spectrizs (0.4-0.76n). Subjective photoweters of various types are 


ceweee, eee + atrewes toe 


1+ | used as auxiliary instruments for weasuresents in this region. 


ts 


7 The visual eethod of measurenent, based on a discrisination of different illusi- 
~ mation by the eye, has major drawbacks. The homan eye is a selective receiver. Even 


2 within the visible part of the spectrua, the sensitivity of the «ye varies over a 

- wide range, which has a strong effect on the accuracy of light messurezents. WMore- 
vous . 

over, the eye can only approxisately estizate the equality or inequality of light 


4 
é 5 omy 


_ fluxes, and this estimate is different with different people. 
a 


a 
ST ee 


a.__ Section 6. Optical Engineering Quantities, 


-- -Luginoan Flux 
= i 


e The radiant fInx of the visible partiof the spectrum produces a different visual 


Te 
, 


2 — stimulation of the zye, depending os the spectral composition. The power of the ra- 


t2_ diart energy estimated from the light sensation ct the eye, is called the light 
3g __ flux F. - ‘ 


3c 
—— 


The huaan eye does not perceive the iight flux uniforzly throughoet the eati re: 


—visible part of the spectrum. Its maxicum sensitivity is to a sonochrowatic ligat | 
ade 


—flax of wavelength A = 6.555u. With increasing or decreusing wavelength of mono- 


__chrowatic radiation, the sensitivity of the eye decreases. 
Ae 


42 


For gonochrowatic radiation of a wavelength of A, there exists a definite re- 


a 
- 


“lation Detzeen the radiant flux % and the light flux Fy: 
. % 


Fy *'V)#) (23) 


™ te a monochren 


: 
24 
74 

Sides eck eee al Sa ena ee ay 


cg vity of the eye to a the rediant flux of the ane wave] eegth h. 


Shea eee eae aaa oma ay. i 


atic light flux of a waveleagth of A by .caparieon with the seasiti- 


meee ee ee ee ee auvade 








a | 
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OAs tk ed Se ee RL Hh ebee spietierdvies sit eSeho do, ena I hE hk, & 
o In the general fora, 


_' flux aad: . oo wma. af . ee 
0 \=0.16 

o.% Fe f @¥ydb 2 lw. me ¢ M2ajo 
a "93.4 


towed 


‘ 
am? 


28) 


- ” padiated by aa uncovered radiator (an absolute t.lack Lodv) at the solidification 


The unit adopted for the light flux is the lumen (lx), which is the ‘ight flux 


, temperature of platinum (2)46°K) from an area of 5.305 * 1073 cw? 


ban « 
aem 


Leninous Intensi ty 


cae 
The luminous intensity I is the light flux per unit solid angle s within which 


os 
oS 


Pio len 


i% is radiated: 


a2 
“2 


; 2 
2 : I 2 F = Fr (25) 
wo Ss 
=i Ca radiation within the total sc_id angle w = 4x, the lusinous istensity will] | 
so be Ls 
q SS nes Me 
7 - e 


5, where F, = total light flux. 


- —— 


Aa in- 


The candle (cd), has been adopted as the unit of luminous intensity. 


32 
... 7 ternational candle is the luminous intensity that a point source radiates ia the 
,_— directions an which it emits a light flux of one lumen distributed within : solid 
ae angle of 1 ster. | 

: i hnowing the luminous inteasity i of a source under the conditions of! uniform 


tn 
” 


"distribution over the solid angle w, the light flux can be calculated by the re- 


a 


°~ lation 
Sous : 
ea F° le (27) 
ed 
3+ . However, since w* 5 ee eee, ass Abt ey = Be cee eek, ts 
2x e 


is 


3 


eee 


for the entire visible portion of the spectrus, the light ° 
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0 hast pa =~ 2 we ae = STS Ome ia Gs St te eee ae ae. - ee eee LP LD TOTS iy a wt 
Le Ts 
—'—- rs “TO Seas as) ae COB) 
e r 
“4 
i Ta the total solid angle e = 4m, the light {lax is ge Ge Oe ney ye 
F= ant (29) 


g If the luzinous jotensity of a source is equal to unity (1 cd), thea the lighe 
flux emitted ky 1t wil! be 12.56 lumens. 
te If a point source of light radiates a light flux eithia a solid angle of 1 ster- 


__adian and the iusinous intensity is 1] candle, 


then the light flex is ] lusea. 


aS om 


_ Brightness, 


= The brightness B of a radiating (or reilecting) surface S ia a gives direction 
--is the quotient of the luminous intensity I in this direction to the projection of 


~ the surface S on a plane nerpendicular to the sage direction: 


es I 


<3 oT S‘cos a (30) 


"where 2 * angle Letween the givea dinsction aad the normal to the insinous surface. 


". 
ote 


The relation tetween the Lrightness of an ideally scattering surface, to vhich 


a 


-"-- the cosine law of radiation is applicable, and the light flux is capreased by the 


tL~ forasla 


_ luminous at all poiats, for which the racio of luninous intensity ia candles ts its 


so 2 F 

= oS (31) 
Rie, The following units are used for seasuriog Lrightness: 

oe Stilt (sb), which is the brightoess of an extrenely suall plane surface eqaally 
ff 


_. area ip square centixeters is equal to unity, the brightaess and the lumiaous ia- 


__ tensity Leing determined ia a direction perpendicular to this surface: 
een 
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ee Lash = 10°39 sb = as 


decimillistilb (dnsb), one ten-thousandth of a sti !bs-.-— ---— 


1 «mab * 1°4 ab 


a 


et Table 5 


Brightness Characteristics of Certain Light Sources 


Light Source 


| Filacent of incandesca:t 
tungsten Isap (1 watt/ed) 
Neos, point la=p 
Acetylene flame 
Cap burner 
Vhite paper, illuminated 
| by am 
Kerosene flame 
Sky covered by haze 
Stearine candle flame 


FExtreme-preasure arc 


Surface of sum visibie from 
earth 


High-intensity are (200 axp) 


High-intensity arc (150 amp) 


Extreme-pressuce mercury 
leap 

Ordinary arc lamp (20 amp) Sarface of moor 

Sky in creresst weather 


Special incandescent Lanp Neca bulb with flat electrodes 
Motion picture projection lamp 
Pcint lamp (230 watts) 
Gas-filled tungsten lap 

(0.5 watt/ed) 


Screen of woti7m-pictore theater 


Moonless night sky 


a According to eq.(30), the luminous intensity radiated by a surface of bright- 


~~ 


-ness B, in tha direction of the normal N to the surface is equal to 


435 ; 

394 I* BS (32) 
+ : iF 1 

ree "If the light is radiated at a certain angle to the noraal N, thea eq.(32) takea 

54d. Sic actecananss tlle i te tanta ted” wees. Ah, BY, Shei 
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56 
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the fom 
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ee 
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ae aren Oe Ogee ow wery ae ~ 


; = ness is proportional to the cosine of the angie 4. 


—_s 


The light threshold of the eye with respect to brightness i3 


1. % 107T ab. 


equal to 6.4 * 


At a brightness of nore than 16 sb, the eye is blinded. 
The region of great st sensitivity of the eye to white light correspceads to a 


brightness of 0.0064-0.064 sb. 





16. 
72- Tllewinatioa ‘ 
22_. | 
a The illusinatien (or specific illumiaction) E represents the surface light 
24e. 
"density of om incident light flux, i.e., the light flux F incideat on unit surface S: 
= F 
s 
ives Ets (34) 
a | 
ae The specific illumination is connected with the brightness by the re}ation 
241 E" xB (35) 
33_. 
= Thus to pars from illumination te brightness or vice vers, the corresponding 
35— u's 
_guantity (E or B) rust be aultiplied or divided by «. 
so ; ; ee 
_ The illusinacion of a surface of brightness B, when a light flex is iscideat 
% 
+e =- on it wt an angle a4, is expressed by tha for=ale 
$43 t 
ee £E * BUcos @ (36) 


i 
s¢_ where & = solid angie withia which the light flux is iacideat. 


gra The units lex and phot are used to ueature illuxination. 
52 The lux (lx) is the direct illumination on & surfsce on each square meter of 


$4 chich light flux of Jlumen is uniformly distributed: 
Bis. peaenss Mak ta, gintenaigs needa Gackt ee wre 


te ee erate eee Spee Os eee wee 
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Se Bip ea - Casombabasigsleks Geaians ore tere me meee we eee mel ne en ee es NP ery! Semen foe ee wet Tee queen E pre _ &@ ee we See <t See! 2 ks os : | 
a | 
Wee he Oe ERED s Rae ee oe nk, me aan aicingh en aad be ge id aot © Om ot wee wee EL “-e be OL a oe ee i 
Soe wt { 
Dacre aa a ae ete Th eA ee ee OS Sct : 
‘ - . ; —flectiag) surface: “ pt : eet) ray 
mre 'l lusea : t 
defecate! Se uhoreet -o, Bae ad os 1 lux *;- me cats eek og a Stool: Th F : 
oy ; : a . ‘ 
: 5 A phot (f) is the illumination of a surface of one square~centimeter-oz-whiclr - = 3 If the cosine law of radiation is applicable ts the surfece, then the. followiag 
re uniformly distributed light flux of 1 lumen is incident: "relation exists between luminosity H and brightness B: 
Cie ea 
— 11 ‘ Cee R= xB (39) 
1 1 phot. * = = 10,000 lux ae 
= -i : lcm os If the surface S is illuminated and cozpletely reflects all the light flux (2 
= re 
ae A wiiliphot (mf) is equal to one thousendth of a phot: —berfectly diffssing surface), then its lusinosity will be 
ee . : 2¢ —_— e 
_ ~ 
le_, 1 milliphot * 10°3 phot 13) ales (40) 
20 j ; _ 3o_.where Eis the specific illuaination of tke surface. 
> Table 6 gives exemples of various illuminations. fs 
222. 92 In this case the illusinated surface acts az though it were a source of light. 
eat ; . 
o4_ Table 6 tt, The difference between the illumipation and luminosity of a self-luminous ser- 
ag 3 Illuminations Produced by Certain Sources (in Lux) wn __, face ia that the illumination on the surface is defined by the light flux Frac. fall- 
on .. Ting oa it, while the luminosity is Seed by th ; ’ 
: Iilikiba tiantproniced Gy aes Be sis liica wt the darils weenaiate _ 18K uainosity is deterniaed by the reflected light flux Flog). 
fu WSs Tllwaination produced by sun on the exrth’s purisce at noon: (Ty. The reflectica of the light flux by the surface is defined by the ccafficieat 
= in sumer ’ an 3 i 
323 5 a> Of reflection 9: 
im au'amm and apring aus 
34_] in winter ' 24! Foean. ‘ 
2 _ Tilwmination on open place in cloudy weather, 4 a Fi (41) 
7 ae lilumination necessary for exact work " | 23 o 
Soe Illumination necessary for writing 3: Hence the luminosity of a» surface that does rot completely reflect the leminous flex 
ise ILlwaination produced by stivet Lighting ' —*. - os 
ceca Tllumination necessary for orientation 4_.¥ defined by the forms ; 
oe Tlluminatica produced on carth’s surface b; the moon qo 
: Sst Fiegn. | OF ean. 
Wo = Rom rese = TET og (42) 
ns In accordance wth eq.(36) we may write ve 
4k e 1 ‘ gr 
ee: ! : 72m The radphot and radilux are used for seasuring the luminosity. 
4$_. = = 2 ; a pe 
oy 2 @ cos @ (37) £S.4, The radphot (rf) is the luainosity of a uniforwly radiating plane surface that: 
: | Oke : 
Pe 50 —— Sf — emits into a hemisphere a light flux of } leven from am area of ! ca?; 
( ., Luminosity 5 
°-——" ’ , gal ' 
= Bc ie . ‘ z : 4 1 rf = 1 le/l ea? : 
$+: The. lumisosity Ror the aurface light density «f the radiated (or reflected) 541 | 
S30 i ; ie Wed 5) ip tqual to Que ieacthouseadth of"s radghets 
5é_. light flux F, ia the ratio of the light flux to the area of the radiatiag (or re- Sh Fadlux (rlx) is equal to one tea-thouseadth of a radphet 
oat wlan: —~w = RS eee ee ee vee Sw ae eee ee rw meee Sass: fra + eo. a Semele Glas gS = == 0 wee mes hme nee ee ~~ : 
STAT] 
-2h, 
gee 44 
ete ne ~ eee - ee eel Nn, te ba ily teal Sete, eee ee | sis ee ea! __. 
. \ PP me ae ae tip Mage Sat a elena aete asa: 
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Section 7. Conversion of Energetic Quantities to Optical Quantities 


meen 


In measurements, we usua)ly have to do with radiation of complex composition. 
‘The anvisible portion of the spectrus ia charactcrized Ly energetic quantities . 


and the visible by optical quantities. ’ 


- 


For measuring radiant energy, an objective method is used, based on the trans- 
*forwation of sadiant energy into other forms of energy, and a visual method based 
: 4 7 on the perception of light by the human eye. I2° 
in “is therefore ixportant to establish the relatioa 
between the measured energetic und optical units 


of light flux, allowing transitioa from energetic 


to optical quantities. 
2? : Aszine chat sone nart of a co=plex spectrios 


of radgation of a source is bounded by the wave- 


Fig.S - Curve of Relative i 
Visibility length A and A+ dd. If we measure the flux of 
a) Wavelength, u; b) Hela- 


this part of the spectrum by both methods, then 
tive visibility factor k) 


! the ratio of the light flux, measured in luzeas, 


to the radiant flux, weasured in watts, is called the visibility factor (¥)) or the. 


light yield of the raliation for a wavelength of \, defined by the formla 


i 
isnt 
A" 3 (45) 
i 
- The value of this factor depends on the wavelength, since the eye does net-react 


-uniformiy to different wavelengths. The value of V) asyzptotically teads toward 


zero at the boundary of the visible ---tion of the spectrum, and has its maxisen 


Vmax) at a wavelength of about 0.558 =! 
¥ = Sie gestae 

The ratio of the visibility factor for a wavelength of \ to the maximum value 
of this factor (V..,) is called the relative visibility factor Ky fo 


— = ee 


ra wavelength 


. 
> 
vee nee ne tee 88 Oe ek 7 o~ 


+ ote me ig oe 


ee ee wee ee - 


SRO Oe ee: Oo FES En GE a SE CFS OE Ee NY ES ene EN SE SS OD 
i 


Vy 
Ky. ee yee pee 


me eer te ee 


(44) ‘ 
1 


The variation in the relative visibility factor K) according to wavelength A 


_—— 


"may be represented i3 the form of the relative visibility curve chown in Fig.5. The: 


-' values of hy are plotted on the ordinate and thowe of the wavelength on the abscissa, 


1S aed 


- At A * 0.555, the curve has ite maxigum shich is arbitrsrily taken as unity. To 
bs ! 
. determine the absolute values of the visibility factor 4), the ordinates of the 
i 
__ curve muscu Le sultiplied by t+- value of V,,,. 


The quantity reciorocal to the visibility factor (the luminous efficiency of 


12~ radiatios) is celled the specific radiation conaumption. At A * 0.555%, i.e., at 


<2 maxinua laminous efficiency, the specific! radiation consumption has its minimun 


value. 


oe The minimus specific consumption is a.so ca) led the zechanical equivalent of 


com 


— light. ‘ 


= 5.0515 w/le (45) 


The mechanical equivalent of light represents the sinimum power ip vatts neces: 


32— sary to produce « light flux cf ] lumen at A * 0.555u. The mechanical equivaleat of 
24 light pereits establishing the relation between energetic and optical units. 
Qn the basis of eq.(45), the maxinum visibility factor is: ; 


y 8 . «670 lu/e (46) 


The ratio becwees the yu.emisties Xy, Vy, and Mis defined by the expressions 


ky 


+i_aad 


so! 


{ 
so 


wat 


~ 


Ky =:¥mM (48) 


as If the distribution of the radiaat flux along the spectrum is expressed by a 


5 hs Les « erie re ee 


5 --certaia function f£(A), the radiant flex will be 


- 


eo -_ - mo er ee we ~~ -_-- 


a we er eee ee eee 
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e 
, a ¢t 
aes 
ai j 
oa < a 3 * tae. es “we ee 
oo meme ke te meee Seemed Le ee te ees RU 8 ee eres ae eT. e. ~ - ee ae oe ~- eer Tar = ae a - 
~ 4 
a ome ee os cee anes ee See SE PN ee mee ene ne re Te ere Ane re ee ng saws ee 9 eet ERE RTRs eS Ps = ~ -<- f 
Pam wee nn ae nn a es pe 2 ee eee ee, O oe te Se teem ee Sse ete ee ee ee feceeen, 
. 
’ 
a ! ~‘bove (Table 7). 
4 
< 


Cee, aes P esta (49) 


— mene ee oe ae ee ies eee ener ee seme 
|. 
—_ 


i To determis.e the luminous flux as that part of the radiant flux perceived Ly the 
eye, it is necessary according to eq.(49) to multiply the ‘value of the radiant flux 


wren 


Ss. 


fe. 


‘for each wavelength A by the corresponding visibility factor Y). 


Integrating the resultant product, we obtain the value of the luminous [lua: 


ee ee 


A=0.76 70.76 
Fe f  fQ)VydA = Vv J £CAK yA (50) 
A™0.4 A"0.4 


r] 
ode 


For an approximate calculation of the luminous flux as a part of the radiant 


Pid. 


flux we can use the equation i 
‘ 4 
in i*, 
Fe f= 9.) s Woy z $5Ky (51) 
ai*l : 


i™1 


Cad Ge 


a where $; = radiant flux in the wavelength range from A = i toA = + 1; 


ie 


a * number o: intervals into which the visible regiox of the spectrum is ar-— 
, 


~_ bitrarily divided, for convenience of calculation. 


Table 7 


Principal Energetic and Optical Values 





Energetic quantity | Formula 








(nits Optical quantity Formela lnits 
Radiant energy w= f Sde | erg, j, cal Lucinous energy = Fe la-tec 
: dW 
Rediant flux = |. watt, erg/see | Luminous flux Fe ive al Iueee : 
Energetic luminous a 7 7 _ F 
iatcaaies 1 + watt/ster Luminous intensity) I = = = BS cardle i 
a¢ F 
Enerretic il ]luaination E.. = ae watt/on? Tllunination E==* XB lux, phot} | 
= “ Sane 8g i 
. | Energetic luminosity A." ae eatt/ow Lminosity R=E-« PE radptot | 
oS aS Ss " 
_ ee al,, ale: I, pF : 
-—] Energetic brightness B,* as watt/ster/cn*| Brightness B* 5 *—— stilb ' 


a 

be 

eo 
yo 


‘a. summary table of the principal energetic and optical quantities is given aq. 
77 


| 
| 
! 
| 
: 


Section 8. He flection, Absorption, and Trsasaiasion of Hadiant Energy 


ne mem metas wt ee 


' If the radiant flex $is incidea> ca the sur face-of -x -body S,— then -a-yortion-of 


i 
~~ 


t— the flux %p is reflected (mirror or diffuse reflection), another part €, passes 


‘2+ through tha body,and, depending on its refractive index, changes its direction, vhiie 


t..—a third part ¢, is absorbed kv the body. 


-_—~ 


022 The total flux ¢ equals the sum of these fluxes: 
2 : 

os €-= 4, +O + & ($2) 
fel, 


4 ', € 
° 4 

Oo On IO oe 
” oS ts (53) 
“t—~Let us denote the ratios: 
pana $ é, + 
Ye oe s ° a ‘se : = = 
ayaa + 0; 4 i Ts $ a (84) 
‘ = The ratic of the reflected flex to the incideat flux is called the coefficieat 


..0Of rejiectioa 9. ‘ 
-~ 2 t 
S622 
2 The ratio of the flux passiag through the kody to the incident flux is called 


~~ _ the coefficient of trananissioa t. 
44, 


The ratio of the absorbed flux to the “acident flux is called the coefficrieat 


-—of absorptions <. 


+t It follows from eq.(53) that the followin relation exists betweea 9, T, aad €: 
Tae ‘ 
von prt a} (55) 
Fa 
Sr one Accordiag to the state of the surface, the reflection of the incideat flux may 


on Be of the mirror type (angle of iacidence equal to angle of reflection) or of the 
51, diffese type (scattered). ) 


Cm rr ree temas tm ee oe ee me - en ce ev ee ee ee ee: eee nee 





ug Mirror refleciion i2 givea by polished surfaces, and the value of the coef 
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Oey eh icccsae a dakedde oy tke degsee of poliahcol theaetiaces- °° = 
-- _' ficient of reflection p depende on the degree of polish o . a 
i q 
4 
| Sebetereigs, = Sear a eee - Sei, Get Na haat i ans iter va 
a ee er ty dees ee Table & foes 
' 
tan} ~e 
. ° ‘ 
5! Vatues of ), T, and @& for Certain Materials (Bibl.1) .--- 2 eee. ! i - wena es ee ig cee Oa Oa tases eect nt oe cee se 
i in EG TE 
~i Coefficients, % | _ 
q s Oe AD | 4 a 
f C “ a Type of Materiel 0 t a Thickness of a a 
7 ates se CHAPTER ITI 





Transparent colorless glass 1-3 

Matte glass (seni-blasted 1.8-4.4 
inside) : 
Thick onal glass 1.3-€.2 


Opal glass of good 1.5-2 
light transnittance 


Polished marble ‘ &.1-9.3 
Alabaster (gypsum) 
Thir white parciment 
a5 Light paper 

pe Cark paper 
ae White silk 

- White paint 
von Black velvet 

sn Black cloth 





The coefficients of transmission and absorption depend in a complex manner oe 


= ; week. meow eo = Ban. Be °*t 2 
“*— the chemical composition and stre-t7-t cf the cabstsacc. sbi aayesu amu gmecvus 


3>_ bodies, the value of these factors also depends on the size and sumber of the in- 


35- dividus] pecticles, for exanple the molecules, mist or dust particles in the volume 
4és__chich is penetrated by the radiant flux. This question will le ccnsidered in nore 
+: . detail below with respect to the pasaage of infrared rays through the atsaosphere. 


—_—— 


be Table 8 gives the values of 9, t, end a for a few materials. 
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panes nk ie Gees a 


Ty _Librige. 


a THERMAL RADIATION AAL ITS BASIC Lass 


- Section 9. Therval hadiation 
— The process of conversion of the therzal energy of a cody inte radiant energy 


—is termed thersal radiatioa. 


ea The therzal state of a tody is characterized by its texperature, and therefore 
fou. - s ° e oe . 
__ thermal radiation is sometizes called t-mpereture radiatioa. 


Cow 


Teo bodies of difierent. temperatnres transmitting heat to each orher will, efter 


- a certain length of tire, assure the sase tecperatwre, i-e., enter into thencal e qui- 


3 


If a heated body ia placed within an envelope izperseable to radiation, tke 


—walls of the envelope, absorbing the energy rediated by the kody, will te heated, 


“and will in turm commence to radiate ssergy which will be sbzorced ty the body. As 


“a resalt of this heat exchange, the cated body.aod the surroundiag envelope will Le 


~~~ thermal equilibrium after a certain jaterzal of tizue. 


— 


4G: 


—Section 10. The Absolute Black Body 


Fame 


A body that coepletely absorbs the jacidest raciaat flux and possesses maxines 


,. power of radistica is called an ideal black body, and its radiation is termed bLlack- 


+ — body radiatioa. 
toe 


Im nature there are no bodies having t-tal absorptive power. The most ab- 
_sorptive materials, laapblack, platiaus Lleck aad biseuth black, absorb about 


ie 


a 96-96% of the indicent radiaat energy falliag. 


$42. 





An-ideal-biack-body wey, hosever,; be-artiiicially preduced.. Aa artificial tody 
"2_ mat closely. approaching an ideal black tody wes first proposed in 1893 Ly the 


2 
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- ee a ied Come ete ere nares ® fF. 
Ont Ae noe 


oe ~!Femous Russian ieee V.A.Mikhel® son. 1 ; 
ee ae _ ., This body, whose diagram is shown in Fig.6, consints of a hollow sphere with 

‘= es openings and a blackened inside surface, whose absorptive power is 90%. If “: 
a, : flux of radient enerRy is directed through the opening of- 
the sphere, 90% of the energy is absorbed when the ray | 
strikes the inside wall, while the radiant flux reflected { 
by it (10%) then strikes the wall; on a second reflection, 
the energy of this flux is reduced to 1%, and on the next 
0. 1%. 


If the radiant flux emerges from the aperture after a 


reflection tu 





Fig.6 - Diagram of 
29. Absolute Black Body 


triple reflection, then the total absorptive power of suck 
a body will be equal to 0.999, i.e., very close to unity. 
The inside surface of such a body not only absorks but, on heating to a certain 
2: tenperature, also radiates like ar ideal black body. 

w ea At present, a number of designs of radiators of the ideal black-body type have 


been developed, Lut all of them are based on the principle of the Mikhel’son hollow 


-;__radiator. 
! t 
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‘equal to the emissive power Ejr ‘of an “Fae black body: — 


TOL 2S ATE Se OS 


pt 
Beer, ee Sites pee Co ESS He bie pe eae na Et ons ol ad. se 
ee] ns conat " Ey¢ (56) 


i : anxT ‘ 


G cee oe Aen wre men ne ee ae oe me eo meee 8 


It follows from this equation that the emissive power E,7 of an ideal black 


Lone 
' 
™ body is greater than the caissive power ex7 of any other thermal radiator. 
oe In practice, the values of the eminsive power are octen replaced Ly the values 


of the spectral cnergetic brightness ; ' 


1 
‘ 


ant dB) 
3 ~i byr = a ($7) 
re 
so and of the spectral energetic luminosity 
22 dR) 
—e TrT aD (58) 


ay _-where dB, and diy « the values of the energetic brightness and luminosity, respec- 
_tively; 


dX * wavelength of the sonochromatic! radiation. 








ao The total radiation of unit surface of an ideal black body in unit solid angle: 
J" Section 11. Radiating and Absorbing Powers of 2 Body 32 
34! — is defined ty the expressica 
= The radiating power of a Ledy eyy = “the terme given ts che. radiant energy of ara 
Se “i 
; a Ta definite wavelength \ radiated from 1] ca? of surface in 1 sec at a a temperature T. : hie s* va Ey, 4a (59) : 
t net Amo 
i aor ‘Usually, eyy is measured in keel ,/m? hour, | or in w/ca? (1 keal/m? hr = 1.163 * ; 30 
a 10°* w/cm*) ee To determine the ewissive power of bodies, the physicist Stefan proposed the 
= The absorptive power of a body ayy is a quantity indicating what part of the 2_lexpression 
| ~~ ; a : 2 
| aan seeaeene energy incident om its surface, having the definite wavelength A, is al- | oon Ext isa (60) 
a sorbed by it at a temperature T. 4g _t : 
' ee: The absorptive power of an ideal bleck body is unity for any wavelength, since: eo Oo * rediation constant; 
sa) at completely absorbs ali the flux incideat on it. for all other bodies, the ab- so T = absolute temperature. 
{ola kes : : ; 
( = | Sorptive power is less than unity. | a a The radiation constant 0, determined experimentally, is equal to 5,71 * 
52 ae 
es The ratio between the emissive power ‘of a body ey7 and its absorptive power ayy — * 10°12 w/cu? deg*, or 4.96 * 107% kcal/m? he deg‘. 
eee aeons Bhi te ce 
vat @ given temperature and wavelength 1s constant for all bodies; this conatent is” ' =. Stefan proposed thut the formula found by ham should be used for all bodies. ~~ 
SO cen iiey: © tds Se eel eee See a ere, te . _ $6_j _ nicest or sane csitan Mads testers tee i nay ree 
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4, ROVGL i ar teh : 
~The Pussian scientist, Ac 


ademici an I.B. 


ae 


Goli taya (1893 ), hover er, 


oe at eee | tee mene. 


proved theo retically 


~ =. + ner tr meee tee ee mee, 


* 
‘ 


_. that this war true only for an ideal black body. 
a 


Tn technica) calculations, eq.(60) is usually represented in the fora 


-- ~ OS teers ee 


oT 
“where Cis the coefficient of raciation of an ideal black bedy. 
The value of Cis 4.96 kcnl/m? hr deg*, or 5.71 * 10°74 w/ont deg4, 


When the aphiont temperature T, is taken into account, eq. (61) assures the fore 


T, 


190 


T 
‘00 
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ae 


4 
Ea? Cl) = (4) (62) 


The energetic brightness By of the tlux radiated in a Biven direction, az a 


-. black-body temperature equal to T, can be determined Ly the formula 


By = - T# wiitec cmt (63) 


‘ 


The total power emitted by an area S of the surface of an ideal black body ia 


all directions is proportiosal to the fourth power of its «ksolute texperature: 


W = SoT* v/en? (64) 


The emissive power within the solid angle u, whose axis make: the angle a with 


the anormal to the radiating surface, is determined by the formula 


g 
W* S = T* cos aw 


Relation between Radiation Energy, Wavelength, and Teaperature 
RY: UD Ovetength, and Teaperature 


The noted Russian physicist V.A.Mikhel’ son was 
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Section 12. 


Pl tus 


the first to atudy the de- 
— pendence of the emissivity oa the wavelength and temperature. He also made the 


ee 
...first attempt to determine the for of this function theoretically, 7 


omeme-e es 


_ a the general form, the law of energy distribution in the spectrum of an ideal 


cry __ Pui, Lebedev 
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~black body is detersined by the funetiaa > er 


~ ww mee 


Eyy * £(A,T) 
The equation Proposed Ly Vikhel’son had the form “~~~ Oo ore ee nic 


ees 


3 2 
Ext § CT7 AS e MT 


From this equation, nore perticularly, it followed that 


‘sie 


const 


E14 = const (68) 


Later stcdies gxade by Wien on the Lasis of the Second Law of Thermodynamics and 


aoe the law of light presmire, discovered Ly the outstanding Passian physicist 


+ allowed a nore exact dete rassation of the cepmdence of radiation ea- 


z 
a 3 
¢ 


iS (69) 


Ey; * 


a 
"~~ (where c * velocity of light), aad yielded zhe equation of spectral energy distri- 


**— bution as a fanction of the waveleagth A: 


de 


te 


It] 


se 
Eyy = CA7Se AT 


by 


te 
n 


where Cy = 3.7 x 107'2 w ce?, 


Cy * 1.432 cm deg. 


’ 


The same equation as a fenction of the radiation frequency vy has the for: 


te 
fe 


Jt ae 


wt 
= 


meme ee. ee eae ai aaa a gis! vanes Sees = 


yy * Cyve 


age 
T 


+ ome ete ees seer meee 


(71) 
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ee —_ 


= ~ In follows fron eq.(70) that, at a piven temperature T, the radiation reaches 


wot 


-. ite maximum KL at » definite varelength Apaye The relation between the temperature ' 


~t 
of the radiuting Lody T and the wavelength A,,, has: the form 


x Acad * const (72) 
“ 
= The iuecrical value of the constant in eq.(72) in 2892u deg, whence 
; 2892 
= eae (73) 


-- where Av, in expressed in microns. 


bee 


It follows from ¢q.(73) that, at increasing temperature of an ideal black Dody, 








7 pee 
_ the maximum of its radiation curve is. shifted toward the shorter wares. 
et 
~ pee 
we 2 
a) # 7 
2h! a j 
: a Bete ie i 
a, Py 
32-4 &e 
34 a 
36 Ij ——— 
aoa a 1 
— 0 aA ' mart 
13... 2qyt 4 5 67490 i a 
Joe Fig.? - Curves of Distribution of the Radiatica Energy of on Ideal 
Ss Black Body at Various Temperatures 
io. a) Wavelength, »; b) Feissivity E,,, w/cu? 
$0. 


Sy 


Using ey.(.3), it is possible to determine the wavelength corresponding to max- 


~ inus radiation of energy in the spectrum for a given black-body tenperature, or the 


—! 


vi-~ black-body temperature itself, if the wavelength corresponding to #axieup radiation 


5% 


DY ass 





. ! 
_isknowa, eis! . 


a 


Figure 7 gives distribution curves for the rediution energy of an ideal Llack 


Declassified in Part - Sanitized Copy Approved for Release 


ee OS Or ee A TS 









@ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 


- 2 amma anemre 
ond CPT ROT Te 60 SENS Ow 


de 


he cree ea er enn YF WR Be Ontertrermemn ne. te 


Wesco Wels ce res aes ihe cede e: 


~- body at various temperatures, The values of the emissivity in w/cm? ace plotted 
—? 


_ along the ordinate, and the wavelengths in microns along <he abscissa, 


Some we ee - 


; ae The curves indicate that, for an ideal black body at 15°C, the maximum radiatics 


¢ . 


*  corxesponds epproxiaately to 4 * 10u. At:a wavelengch of 4ji the erissivity drops” - 
“-~to 0.5 wes}, i.e., to alout 5% of its maximum val<r. Pith inceceasing teaperature, 


t 4s the eaxinus shifts toward shorter wavelengths, and its absolute value rapidly ia- 


—_— 


creases. 


Doce. 


ee Cn the hasis of the regularities derived earlier, showing that the esissive 


1g _Power of an ideal Llack tody is proportional to che fourth power of its absolute 


—texperature, and that the radiation maxisus shifts toward shorter warelengths with 

--increesing temperature, Wien proposed the following equation for detemining the 
1c 

ie 1 


—value of the maxiaue radiation energy: 
39 
+ 


4 


22 E,.2 ~ PTS (74) 
“ —~vshere B = constant eraal to 4.16 * 10°!2 vicu? deg’. Consequeatly, 
: E_ * 4.16 * 1081275 w/ca® deg’ (75) 


It will be clear from eq.(74) that the value of the rajiatioa maximum in the 


"+ black-body spectrum increases proportionally to the fifth power of the temperature. 


— 
=e 


-=— The followizs fercula is canvenieat for determicing the exissivity in the long- 


22— wave region of the spectrum 


E,yy * CETA’S (76) 


:: where CK = 0.412 = 19!2 w ca/deg. 


—_ 


**— Section 13. The Quantum Laz of Radiation 


ten, . . 
_ The equations of energy distrikutice in the black-bedy spectrum [eqs.(70) aad 
5: 


~ (76). 


were derived on the basis of classical dynamics under the assumption that aay 


n 


— radiation of the wavelength \ depends only on the velocity of sotioa of the mole- 


Appeal ll, are Ge seaaeansiehs . De tie tee ted 
_ cules, and that these velocities are distributed according to Maxvell’s law. AS 
es 
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Bs Paes ‘s Seta 
—Tshown by later investigations, these equations are a limiting expressien for sone 

ace} . : 

-. . unknown general Jaw,.and are true only for certsin regions of wavelengths (for which 


3 ao 
“Tthe Maxwell equations were calculated) for certain temperatures. 
t e 


i To- find the general energy distritution equetion, entirel; different conditions 


“4 


vas : 
ust be taken as basis. 


hp = 


ae fh 
oF Od oe 
, a 


These conditions ‘vere formulated by Planck, who started from the premise that 


vd 
‘ 


=" radiation is # consequence of the oscillations of linear atomic vibrstors, which ex- 


tt onte electromagnetic saves, where such a vibrator does not emit energy continuovely 
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soe ee cee cme ee cee eee on 


6 _._~. ste 
~Ce * 1.4384 om deg. 


ee ee ee 


sen Equation (79) eapresses the quantus law of radiation, = 8 == = o_oL 
ae To pess from eavelength to frequency, or vicz versa, the folloting forsela is 
* used: rary feo re ae OS Pong ee @ Teepe te a ae ee ee 
ae poo ey (80) 
fi \a_, v2 


;_ where c * velocity of light. 


ae Hence eq. (79) takes the following form, as a functioa of radiation wavelength: 


1 





*~ ~'bat in discrete portions, or ‘‘quanta”, and where the energy of a quantus absorbed or. ad - ov? (81) 2 
po ad Eye 3 Cy 
1: J emitted by a vibrator depending on the wavelength (or frequency, of the radiation. . 1 i ae 
22. The energy of a quantum is determined by the forwula 29 where 
oe = h 
22_. “2s C, = me while C * = 
be oe e = hy (77) 5 oa a 
Se 2 
a. .Where h * 6.62 * 10°27 erg sec, the calculated universal constant. ane Egaation (79) not only charactcrizes the energy distribution over the spectrum, 
ae Os, the hesia af thene mantum conditions, Planck deduced s nes meray - eistri- --byt si]es persits a determiaation of the tote] queatity of energy (the raediaat 
_ — bution equation for the radiativa of an ideal black body: --. flux €) radiated at a given temperature: ; 
ES ’ ~ ‘ : Cy 
see 3? = Ase = 
‘5 gj. = 2ke*h | 1 (78) a #= J Eyed = C, J A-S(e*F — 1)-1 ad (82) 
44% A 3 ch aa! A=e A*8 
aan KT , ie ; : 
a4 j 3$__, r e aries 
36 = Experimeartl verification of eqs.(79) and (82) confirmed their validity for all 
. wh = ity of light; ; 32 
sa velocity of Light; i : ~-—wavelengths and temperatures. Consequeazly, they express the general law of exergy. 
= (= stent al to 1.38 x 10°'* exg/deg. / ao 
405 Brn shie: Dele manne ceousranys 9 , ee t°_-distribatioa in the spectrom of an ideal black body. 
ree Gn introduciag the notation ae 
eat / “— 
ae __Section 14. Coefficient of Radiation Efficiency of an Ideal Black Body 
$4 h ees, ee 
es C, = 2nhe? and Cy "== = 
ia-8 | ae The radiation energy of as ideal Elack body, like that of any cther radiavor, 
ao in eq.(78), the equation may be obtained in a simpler fom: | af ae received or registered ty various receptors, such as the human eye, a therm- 
— : —couple, ete. To determine the efficieacy of the action of energy radiated in a cer- 
50 c S555 
Pak | i . —tain part of the spectrum oa one receptor or another, the coefficient of efficiency 
: so] Ey, °C A75ceF - 1h (79) 3° : =: ‘ 
a —(k-p.d.) of the radiator is used. 
Sta: see © ee eee ee . ome tee - -- to oes “o: i $4 Figure 8 ives th = * = =. M4 “ <7 
} ‘i 2 e spectral distribution curve of the raciatioa energy of aa 
sei <g. Damunsteel etna at ie oemsteite are Cur ee ac te ee a te 
| se 
se. 
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Sata. 24 ee 
— ideal bleck bedy. 


The emissivity of an ideal black body, i relative units, is plotted on the or-' 





x -| 6) dinate and the wavelength in microns on the ab-' 
Cc, ” cissa, Py using this curve; the radiation ef-- 
-| @ ficiency can be determined. 
-! 
. 4ihes x ~ The arca S, bounded Ly the upper curve, 
7 oe “0 represents the total radiated power, i.e., the 
hi 4 total radient flux 4; the area S, (vertically 
ie a \ hatched), the power radiated in the visibte 
. e part of the spectrum 4), the area S, (obliquely 
re g — 2 
a ge at gy) 2 3 hatched), the power perceptible to the eye. 
20  Fig.8 - Spectral Distribution ‘The ratio Letween the power radicted ia 
ae Curve of Radiatica Energy 
22 of an Ideal Black Body the visible purt of the spectrum (or flux $,) 
y+ a) Wavelength, 4; b) Enis- to the total power rediated (or total radiant 
—  wsivity E, in relative units 
ae flux °@) is called the energetic coefficient of 
a radistion efficiency: | 
- 
(38s Sy ss ' 
12) n° rr Ss g3) 


2 anes 
+ 
$ 

~— 
ws 

at Taney 


To determine the power perceptible to the eye, or the lumincus flux F, the 
-; total radiant flux @ must be aultiplied by the integral value of the relative visi-! 
3:__ bility factor Kj for the entire visible region of the spectrum: 

An0.8 


r24 
A=0.4 


: Ky dr (84) 


The ratio of the power perceptible to the eye, or the luminous flux F, to the 


**_ total radiant flux ¢, is called the coefficient of efficiency: 
46— 


~ 


so Rae (85) 


# 6S 
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' The ratio of the power perceptible to the eye, or the luminous 


Lord 


7? 


° 
z 
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he 


flux F, to the | 


’ 


| 


5\_power-radiated in the visible part of the spectrum, or the flux #,, is-the effi- --- 


—_— 


53 ciency of visible radiation: ote Fu abe Se. ded eta ciee : 
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“ erence: 
ee erapenens een a ERE TRS 


eet et am me ee 


eewewen 6 nme ee en ee eS SEE CRORE SRE et OO + wenn emmn eee ee eemmmmmnaninendtinmntent 


0 ee a 


ot oe ee ote ” 


’ . ‘ & : 
aS ee ohn _ ap a Be piste tse cone See (AG) et 
& a4 1 i 
ab , 
a4 These ‘efficiencies ere connected by the relation: ~~ pete err ey ne ee eg 
Cw 
ee no = ng (e7) 


— 


Jo 
‘ ~ from 3000 to 8000° absolute. 


Table 9 gives the values of nN, and n, for an ideat Llack Lody at temperatures 


1S -4 Table 9 


Values of Efficicacies nN, aad 1, for an Ideal Black Body 


at Various Tesperatures 


ee eee OO LCR ERE EE LIS 





It will be clear frow the Table that aa ideal black body has its maxiaum lumi-: 
2§_ nous efficiency at T = 6500°K, where it reaches 14.5% This is the maxiaum luni- 
3: pous efficiency of temperature radiators. For ordinary incandescent lamps, the 


44 luminous efficiency is oaly about 3%. 


47__ Section 15. Hadiation of Nor-Black Bedies 4 


-=— 


All the above laws are valid for am ideal radiator, the black body. 
Since an ideel black body does not exist in nature, all real bodies capable of 
~ radiating energy pay be grouped uader the commoa designatioa of non-black bodies, 
°°" whose radiation depends on their physical properties and, primarily, om 


so sorptive power. 


| 


their ab- 
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wee re me ee 


_Nea-blech-bodies-are divided iate. two groups, edies vith so-called gray .radi-=: 


ation, sad bodies with selective radj ation. 
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ot “Gray radiation is the term applied to temperature radiation with a spectral. ea-' 
“ergy distriLution curve of the seve fora an that of « block kody at the saze terper-- 
t 


“tature, but with an intensity of radiation, for any wavelength and for any tempera- 


-o 


power of the real body. Al] laws of Llack zadiation apply to gray radiation, pro- 


C x _..vided these radiations differ only by a constant factor, the absorption coefficient, 


which is independent of the wavelength. 


od 


By analogy to the black-Lody equations, we may vrite, for gray Lodies: 


- ’ 


~~ 


V2 where C, * emissivity factor of the gray body. C, iz always less than C, and depends 


.>_ on the temperature. 


Comparing the radiation energy of a gray body with that of a Llack Lody at the 


». Same tenperature, we find a new quantity, -termed the relative emizsivity, or degree 


. of blackness of a body: 


Table 10 gives the values of e for varicus materials. 


Type of Material 


Polished aluminum 
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‘ture, which is lower than in a black body; this is deternined by the-absorptive- --~- 
J 


E = C.( 
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; @ 
ez! 


cen ete 


Knowing &, the radiation energy of a gray body may be calculated by the equa- 


T 
E* eC(: —— 
Cc( 5 ) 


Table 10 


we 


ae 


Relative Exissivity, or Degree of Blackness €, of Total Norwai nadiation 


for Various Materials (Bibl.2%) 
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wae 


~~ 





<@ucasin’ wie gueteetreeee, = 


eee ANT, ON Om werewe eee cee 


Type of-Material 


Tron, freshly abraded with emere 

Oxidized irca 

Cxidized iron, smooth too 

Cast iroa, umachined 

Polished steel casting 

Sheet steel, ground surface 

Irom, machined 

Tron oxide 

Gold, cerefally polished 

Rolled brass ;late, with natural surface 
Polled brass plate, abraded with ccarse emery 
Peass plate, call 

Copzer, carefully polished, electrolytic 
Copper, cocmercial, polished to brightness; 
bot act mirror-finished 

Copper oxide 

Moltem copper 

‘olybdenum filaceat 

Nickel, technical, cleam and polished 
Tuckei-plaved pickied irom, unpolished 

Nicke) wire ‘ 
Nickel oxide 

Nichrome 

Tin, brignt tinued sheet irom 

Platinra, pure, polished sheet 

Platixem strip 

Platince filesent 
Platinum wire 

Mercery, very pare 
Lead, gray, oxidized 
Silver, polished, pnre , 
Q.roniua 

Zinc, commercial (99.1%), polished 
Galvanized sheet iroa, bright 
Galvanized sheet irom, gray. oxidized 
Asbestos cardboard 

Aebeatos paper : 

Thin paper bonded to metal plate 
Water \ 


-Ouk, planed tel. 


Fased quarts, rough 


wo mae ee ee een tees =e 
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925-1115 


230-990 
FR-190) 
225-635 


2 
£09. 1500 
107S- 1275 
128-2600 
225-375 
2 
15-1000 
650-1255 
125-10 
23 
225-625 
925-1115 
25-1290 
225-1375 
0-100 


225-625 
100-1900 
225-325 





~--9.78-0.82-.—_.} 


tee ee 


OD 


C.TH 


0.87-0.55 
0.52! 36 
0.55-9.61 
0.60-€.70 
0.85-0.95 
0.018-0.035 | 
3.06 
0.20 
0.22 
0.018-0.023 
0.072 
0.66-0.54 
0.16-0.12 
0.056-0.292 
0.07-0.087 
0.11 
0.696-G. 186 
0.59-0.86 
0.€4-0.76 
0.043-0. 44 
0.054-0.108 
0.1°-5.17 
*.236-0.192 
0.073-0. 282 
0.C9-0.12 
0.281 
- 0.6198-0.0324 
0.08-0. 26 
0.045-6.053 
0.28 
0.276 
0.96 
0.93-C.945 
0.924 
0.95-0.963 
0.903 
0.895, 
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| Type of Material . | °C | 


io ous 
__black body (spectral energetic Lrightness By;) at the same tenperature, wavelength, 


































Sina | Bed brick, réeogh -og-- fe ga ee ee 
“4 Grog brick, glezed 1100 0.75 pa “3 ’ 
aot Refractory brick - ja ee met ots 2hNe. 16 OSB S- Sethe | ey i ch ieehedss 
ee White enamel varnish on rough iron plate — 23 0.906 a i 
a Blac glossy varnish sprayed on iron plate: 23 0.875 ae 
C Bleck varnish, dull 40-95 0.96-0.98 |. nosis | 
” Black glossy shellac on tinned iron 21 0.821 is = 
a ee Black shellac, dull 15-145 0.91 ce 
1. a Oil paints of various colors 100 0.92-0.96 be 
= Alusinus paint, after heating to 325°C 150-315 0.35 y ae t 
1S -- Grayish wazble, poliased 22 0.931 ame ; 
19 Sscoirane . oe a tee Fig.9 - Curver of Spectra) Distribution of Eacigy of Elack-Body (1). 
a poate tron cont® ‘ a Ave “ ' j me Gray-Kody (2), and Selective (3) hadiatioa 
eng Soot, with waterplase 100 ae reer : oe a) Wavelength; b) Intensity of radiation 
gare Laxpblsck, 0.075 sm and larger : #-370 0.945 : G99, 
, ae ; 21 0.910 i ; 
ae! eee (0.9% ash) 125-625 0.8}-0.79 7 z1__time interval, is called the sonochromatic emissivity of the kody aed is denoted ty 
ce Carbon fileccat 1040-1405 0.526 4 Pigs she ayabol 2,4: 
Teed Glazed porcelain 22 0.924 4 
a0 Bough line stucco | 0.91 : toe barr 
= *AT Rhy 
{ 38 : 4 ae } AT 
_ Radiation in which energy is emitted within definite narrow portions or bands as 
3° ; 72 Ja Fig.10, the Lroken line shows the 
_of the spectrum is called selective radiation. j = 
24! Be Be curve €)7 for tungsten at T * 240°K. The 
= The cadiation of selective bodies, which include almest ail xnetals, differs j wd Sait 
af re values of €,_ are calculated Ly ditidiag the 
—, : ree ane s = 
ieee black-body radiation in the character of the energy cistributioa over the ae seauateiat the cutierst gecder ui ideeseree 
° ° Arar ° cy s = = qd : , 
ew apestran The radiation esergy of selective bodies may be approximately determine an bsdigh tac cb eangeten bys eke cosmeanondine 
Ae, ‘ . ° J . 4 oy . 
__by eq.(56), but it must be borne ia mind that the absorption factor of a sziective 7 a : Spectral Estrictic Sidinakcciet tha weal SA ees 
o ; A ‘ ae rightness of Tungsten aad ‘ 
body @yy is not the same for the various portions of the spectrum, but depeads oa : ae ane block (solid lizes). The gradual de- 


ote 


++— the wavelength A and the temperature T. 


2 
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a) Energetic spectral }right- j crease in the value of €), with increasing 
OE aes higure 9 shows the characteristic form of the curves of spectral distribution 


ness ia relative units; b) Black’ 


ech ees a 


= Ae : bodyice). Tinestes: cd) Waves wavelength, which is characteristic for ail 
4,_,of the energy of black-body, gray-body, aad selective radiation. It will ke seea 3 levath isc) Vonocleeeatiec petals: aadvédtes bat be wexioue Of vedi as 
5, from the diagram that the curve of gray-bedy radiation lies below the curve of ra- pee emicsivity of tungsten 


tion of xetals is shifted toward shorter 


i. 


ce diation of a black body, and that their slopes are similar. The curve of selective 
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vi-waveleagths by comparison with the maxiaua of black-body radiation at the sane 


Sg__tewrerateure, oo Ssh ae) ce cmti ten Beet eat see 
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Graphically, thia will be represented by the ratio of the area bounded by the 


-- emissivity curve of tungsten to the a.eca bounded by the emissivity curve of a black 


- The monochromatic emissivity curves of tungsten in the intrared region of tne 





ee 02 
Fig D1 ~ Monochronatic Emissivity 
3o__ of Tungsten in the Infrared 

a Pegion of the Spectrus 
z a) Wavelength,p; b) Mono- 
chromatic emissivity of 

tungsten 


Wey ls 26 te 


sWebtains constructed from measurement data 
(solid lines}, tre given in Fig. 11. 

As indicated in the diagras, withia the 
limits of the visibie region of the spectrum and 
for the short infrare? rays, the values of €)7 
decrease with increasing temperature, while ia 
the region of the longer infrared rays, they in- 
eeesex, The overwhelming majority of metals 
possess this peculiarity. 

To determiae the basic computational ener- 
getic values for non-black bodies, various for- 
sulas obtained on the besis of experimental date. 
are used. 


To determine the monochromatic emissivity 


4;_of metais in the infrared part of the spectrum, the following formula has keen pro- 


§ pc posed: 


-—where P, * resistivity of metal 


— 


y 


54 __.____ 4. =. wavelength ia.cm. --- 


4 


S*__—.- Figure ll gives the curves 


—. 


in ohm-cm at 4 texpcrature T; 


constructed for tungstee from the values of €,> 


+ 
t 
. 


e. 
7° 0.3657 —- 
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0 Secs Jo. Saas eis aie St re a ee eee et _ 
tealeulated by eq.(90) (dashed Lines). } t 
2-4 ; : 


Equation (90) gives results in agreement with ths seasurements at certain wave-: 


we ee 


$ 


; “TNengths, for exemple, at A > 2u for tungsten, at h > 14 for silver, etc. With auf-. 
1 rower omnes 
"_, ficient accuracy, this can Le used for determining €)7 at “wsvelcagths longer than, 


~ 1h. For wavelengths in the ultraviolet and visible regions of the spectrum, this 
"- formula is unsuitable, since the results of calculation differ from the measured 


es 
-- values, 


This can apparently be explained Ly phenomena of resonance (absorption 
-' bands) in the ultraviolet and visible regions of the spectrum. 


Oe To deternine the energetic luminosity uf radiation cf non-black bodies, the 


ye following empirical formula has been proposed: 
_ - : 
£0 ' 


~where o' = a certain constant; ‘ 


ot 


a = a quantity depesding on the kind of metal used and on its temperature. 


22 The values of o' for some metals have been experizentally deterniesd. Thos, : 
— for exssple, for platinum, o' = 2.56 x 10745, for tungsten, 1.51 x 10°15, for : 
VT pdekel, 1.04 * 10°14. | 
me For tungsten, eq.(91) has the fora 
34_! 
3 Ry = 1.51 < 1071S 49 (92) | 


Equation (92) gives correct results in the temperature reage of 2000-X00K, 


4i_i.e., precisely at the temperatures corzesponding to the working conditions of the 
42. filaments of incandescent lamps. To determine temperature at which the intensity 
- 


+;__0f radiation of platinum and that of a black kody are cowpsrable, the approximete 


foe formula 


it Tolat _ aTyy (93) 

<= t 
5b : 

‘may be used, where : 

32 . 
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i be shes Ss Brad 6. east ii nas “uerelapemereereary a ae) ie ate eee ae 
7 ; - x ae I 
A nce oe Eh a ee Rh, 
gna re tt rr eg -——— _- iegeim somes te emanate ci ee . 
ae The total radiation of metals may Le deterwined by the formle ! eaaee maximum radiation x) 4 
tt : Thay ! ' s 
{ , BO te Dahon, fetes eee Sh Lal eipoast het. « ee eaiat a, 2 ju eek alee peer es 
Ee ee EST Ty : : ° See as xe , 2 . -23 6 ! { 
| Ey; * F 4. ~ 9%) (94) { Oe Ean * Cy * 1.334 * 10 p,T (99) ! 
. x ‘4 - ‘ Y t 
‘ 
eo i ai eee ears = For total radiation Er eae 
—where o = a constant teken from eq.(60); | 6! . é ‘ 
cm 5 . ‘ ‘ 3 
- oo @ * a constant depending on the kind of metal. ( a 4 ” 
(ie mae i oH J Eydd = Cy * 4.936 * 10°20 Wo 7S (190) 
— The values of the constant a@ for a few metals are given in Table 1l. — . ; 
| pee =~ ' 7 
se The absorption factor of pure metals “ig ; 
Pe Table 11 : : ; is Fquaticns (96)-(100) are true for waveleryths over 44. Table 12, below, gives: 
‘ in the region of short and medium infrared a ; 
5s % : ' 1 _:the emissivity factors of certain bodies. ! : soo 
se Velueot + dor Seveesh Metels rays way be determined by the simplified ; Ee y a i ! 
aoe 1 : 18 om 
see forwula = Table 12 a 
20, Coasts | 20_. sass a 
: 0.365 a, Values of the Emirsivity Facters of Certai:: Bodies (Bibl.3) ' te 
sae Molybdenum ny" - (95) Somes 
! Ae Gold 3A _ Radiation Factor 
4 Platinum oa : 4 ‘ \ 1 
“a ee where j * electric conductivity of the | = Kind of Sarface Texperature, kceal/e* hr deg watt/om® deg ! 
28.2 i — i j 
= Tingsten | metal in —~ = | = | > ; | { 
; Kackel °°. - | Laephlack | Sacoth ; 5.0 10° 
Pe ya ate min t i agiati : ‘ 
4 Yo determine the maximus © ion aie Carefully polished : 1.53 x 1074 
( ~ of metals, the following formula is recomminded: : _ Bright » 1.85 x 1074 | ! 
a 32 Dull, oxidized 5.02 x 10°§ ae 
~—t! a = ! { 
ees 2 0.365 ¥ pC, 15.5 (96) 3e_! Rough, strongly 5.1 1074 | | 
= Bot. 7 ax oxidized ' t ¢ 
ae ae 36__ 1.22 x 10°¢ + | 
= DyesTI§ Ceo 1) = 3.56 x 10-4 | 
a oa 3.72 = 10°74 ; 
tare To determine the total radiation : : so: 5.35 x 1974 : ‘t 
2 any t 
so! a - 4st ’ 
— J Eypdd = Cy > 8.156 * 10°19 Vo aoe (97) ea 4.65 « 0-4 i 
tans e ‘ A ‘ 3 
-: T : _ ass x 1074 3 
eee Putting 9 * Py Ka whach holds for most eetals, we obtain: | 4 | 
7 a for selective radiation in the region from \ to A + dA | te : : 3.5-3.7 4.07-4.3 x 1074 5 
_2 . —_ ‘ 2 4 
sot : | 5¢— Polished 0.53 0.62 = 1074 { 
nae c, - : a Dull rolled 3.10 3.60 x 1074 3 
‘ : ae 3 5.3 Yr (98) . ' Nels 3.68 4.2 x 10°4 { ¥ 
= ER = C + 0.0221 9,7"* (eAT ) ,; t 
Sts es Se d is sda = ~ es cana Accte Moe  Se ee ley 1s er aces error ae come - BE See ce eee 
] a % ° 3 
$5_i 5¢_! We conclude thia Chapter by.atating the concepts of color tempersture.aad. . i 
Ss ec ea ea ee ee ee a ee es 2a STAT 
L. -4$-- 
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a 8 2 : t : 
’ 
nts : conve eamet = + femme eee meen we ae en ee J nie a hot sas eee eer singe ee eee ee ee = > cere oS ey aa : 
sires den aR TATE AE ON rage ner tere ete ence conten SET On RE ETE A NECROSS REG te entree Se sewrIt Nemo Fe ae wiles ’ 5 a) sed .¢ 
- 0. eos uote See E ctcabileg he he SES IE Nae alee tales eR Ee ES Sa lh ne ath Ge ret, de sae Be 
a OraRtaees temperature, which we will often meet in the segrel, nee | | =| : 
es The color temperature T, is the temperature of a black body with the sane ratio! ° Go ee Ban he ee, anata eg ye, Ge eee aie, 
“tof brightness between two given spectral regions as the given body at the tempera- ) 72 ; 
“ture T. For all metuls the color temperature T, is higher than the true temperature ae B) -Saes eee ie ee eB aati Ae ein 
*---of the body T. : ° —! 
C : wi, The brightness teaperature Ty is the temperature of a black body of the sase Pie 
;. visual monochromatic brightness for a given wavelength as the given radiator st ioe CHAPTER IV 
,, _ temperature Tx = ; 
a The brightness temperature is always less than the true tomperature of the lody, aon SOURCES OF INFRAHEN HAYS 
a , — Section 16. Classification of Sources of Infrared Rays 
> - , 23_. The sources of radiation used today in verious fields of infrared technology 
Pas oa wey be divided into three grups, according to the physical nature of the radiatioa. 
ri 7 The first group comprises sources of incandescent radiation in which the infra- ; 
a ; | . <a radiation takes place as a result of the combustion of a fue) or the heating of i 
oo | _—8 body to a definite temperature. 
7 } the | aa 3 The second group consists of electrolusinescent sources of radiation operating ' 
( ( yon the principle of electro!uminescence, or luminescence due ta the passage of an | 


q? 
“"~“electric current throngh rarefied gas. 


—_ 


34 


The third group comprises sources of radiation of coebined type, makiag sisul- : 


—_ 


=3—taneous use of incandescent radiation and luminescence. 


ed 


The “sass radistor® of A. A.Glagoleva-Arkad’ yeva occupies a special position. Ia 
4¢__itge physical nature this radiator is a source of electronagaetic radiation ia the 


—— 


£7__eransitional region between radio waves and infrared rays and cennot be classi fied 


ee rm ee tyme te Pee meee 


— 


+4im any of the three above groups. 


+ ewe Re we 


ae Table 13 enumerates a few sources of infrared rays which are used ia technology 


—_— 


$5__and scientific research, and are considered ia the preseat Chapter. 


se 
Secticsr, 17. 
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fequirements for a Source of Yafrared Rays 


$ 
— ‘ 


543 Som iae iets sciee s 
—- infrared region of the spectrum. 
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OM prho ae ey 


The Lasiz requirement for a source of infrared rays is high efficiency ia the 
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wT the basis of the general laws of thermal radiation (c 


of the receptor to be used for the infrared rays.. 
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‘count the spectral characteristics 
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ee A Few Sources of Infrared Rays 






















Type of Source Nature of Radiation 
t re nemrmnncetct 
s lroup I 
; Sources of Temperature 
= on Radiation | 
ie Electric incandescent lesps etek Filament of tangsten or other 
"S— | with pure-petal filaments ee Per refractery metal, heated to 
29 incandescence by am electric 
_ Me “6 carrest 
ea Electric incandescent !:eps Filament of carbide er cther 
an with filaments of metal Sene compound, heated to ixcem- 
pet compounds deacence by oa electric current 
aos i 
m Lecps with special incaa- | Thermal selective Plate of kaolin im plug for, 
oe descent bedy + yedistion heered te incomlescence by = 
C eee electric carreat 
: Seme {Silk mantle ixpregnated with 


Incardescent-xantle lamp 
thorium oxide, heated to ime 


candescence by the flame of a 
gas or a liquid feel 











Positive colum glowixe wale r 
sileat discharge ix a izert 
gas 

Positive colwm glowing wader 
are discharge im cesius vapor 











Positive colts glowing under 


arc discharge ia mercury T8POT 
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Nature of Radiation 






















| 
3 
Susple electric are | Thermal radiation | Electrodes heated to incam- 
end luminescence eescence by clectric current, 
incandescent gases, sod luxi- 
percent positive coliwm of 
an arc discharge 
| 
{ 


saigh-intensity electric are Same Same 








Are luep with Uumgscen elec- s 


trodes (point les? 





















‘Tungsten spiral beated to in- 







Extrese-pressure zercury- 


tungsten lemp cancescence by electric cur- 


rent and J-srinescent posi*ive 
colum o/ arc d_ocharge in 
mircury vapor 


— Ie addition to high efficiency, sources of infrared rays aast also satisfy a nu=ber 


_ of other requirenents, nssely: 


ae they muat Le suitable for use wita cotical systems: 
ae they east act require special handliag or observation; 


they must have a safficiently long life end stability ia operation; 


chey eust have winizam possible weight and over-all] size; 


they gust allow DC and AC power supply under exergency operation and wast 


— 
_ 


= perzit conveniest adjustreat of that operatica. 
en Table 14 gives the energetic characteristics of a few sources of infrared ra- 
_diation, for iilustrative purposes. 


ce Of the artificial sources of radiation 
helius lasps are used is technoiogy. The iscaa- 


in the Table, only the incaadesceat 


--.- lamp, electric arc, nercery and 


+ descent eantle and the plug :amp, although they are sources of iafrared rays, pre- 


Ie duce it in such ap iaszienificant amount that they are ased prinarily only ia the 
:,_ laboratory. 


Section 18. lacandesceat Lamps 


Wt 
= * 
~— 


The first iscandesceat electric leap used for practical purposes vas developed r 


5°. Gg-1973-by the proniaent Parsicn electrical engiactr A.N.Lodygia. This -lasp.vas- 


+ the prototype of all the succeeding designs of electric lamps. Tacandesceat | 
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electric lemps are succesafully used as sources of infrared radiation. 


9 weet eee se a ee ee ie me ee mee ome - were 
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Ser ee me cere re eeere tree 


Of the cefractory compounds, taatalus carbide is wcat suitable for iacandescent 


The source of radiant energy in the incandescent electric lazp is a filament of _. filasents and has a oumber of advantages over tungsten. Its working teeperature is 


Table 14 sea a aNG Table 15 


Characteristics of a Few Sources of Infreved Radiation (Bibl. 4) 
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Velcing Points of Mefractory Yetals and Compounds 






























‘ c 
C Surceot Total Energy of Energy in Different. Parts of : ) \ 
Radi ation Radiation | Infrared Reys Region 0.8-12 u, in & : Meterial 
Energy, | in Region - 
«i. -4-2.4 2.4-12 u 
wartfeat | 0-8-12 DERE He ler Carton =| 3rz3. | aTac + HEC 
F matt . Tragsten | AI 4TaC + 2r€ 
= tenia 3440 KIC 
Mercury laep 0.026 oeme 7 | Tonal 3303 | Ta 
: Tungsten filement = Molyidenus 2093 Zee 
oa incandescent lamp 0.0325 0.007, eae Caneek 2773 ABC 
(gas-filled) oa 
: Electric are 0.034 0.024 a 
Incandescent rantle 0.001 tt | 
° _ lug lamp ; be 
ag Helium lamp t oe 
. — Ni It 
‘ ~ » pure refractory sets! or cf refractory metal compound, a clasz including the eae tn 
{ -- i : : . 
Lides, borides, and nitrides. Teble 1§ gives data on the melting points of these -- 
, “Lpaeetrabas As indicated in this Table, the numter of refractory pure Ser en 24 409 500°K higher thax that of tungstea, shich ispmves al] the illumination parase-: 
24 7 i 3 latively small. Een , . . 
__ refractory compounds used for making incandescence filaments 3 re Seas vacis © EEG “Uieg oTihe Raed wasnista et Was tala: Weld dal obont S08 lower 
pes The main characteristics for which a material for the incendescent filaments i : : 


, eee thea that of tungstea, aad the total radiation is about 30% higher, which cor- 


\ ! 


Cet a lamp ix sclected are: 


ree tare tetera gee aie ten omen were 




















me 4 responds to am increase in brightaess of about 33% as cospared wits tungsten. 
Te high meiting poiat; ; = : ies, a : ' 
an ; : : ‘ 2 che dite wt $7 An obstacle to the wide use of tantalum carbide filaments is their low ae- 
wei = rate of vapovization of the material, which determines cS 
a Sipe : az, Cchenical strength. 
es the filament; | oe 
es sping ‘ ee Incandesceat-lacp filemeats are usually uade in the form of a cyhiadrical coil | 
oe ease of machining and atreagth; i i 
oe spectral charecteristic of radiation, as required for the leap. Hoke beat imto circular shape and placed ia a plane perpendicular to the axis of the 
os Of the pure metals, tungsten best satisfies these requirenents and therefore ‘ 5 oie lanp (for a short filament), or im zigzag fore (for longer filameats). 
ts = ia the principal aaterial used for incandescent filosents of electric bnlbs. Other Or Gas tubes have relatively high therval losses. One of the zethods of reducing | 
; - refractory metals, such as tantalum, osaium, iridium, platinum, and sirocaius, heve: x, _ these losses is shortcaing the coil and iacreasiag its diameter, bat this is fos- ; 
Wg dee es - ae : =e, = Ge eas . ° 
- not found widespread use. mat sibie caly te acc a degree, since the strength of a filement decreases with ia- 
: : STAT 
$l. 
4 
ae | oY 
Sronoa des bias pa te te ete oi!) | w fide iin a 
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Otic. 
bees to design filaments in the 


” creasing diaseter. 


A solution of the probles hes 
_fors of a double spiral, or ‘bispiral” (Fig. 12). 
: Lawps with » bispiral filoment have a higher luminous efficiency than laos 


with caly # single spiral filament. The increase ia luminous efficiency, amonsting 


( - SULAIMAN ERR oe eee 


to 8-20%, depending on the type of lasp, is €<- 
plained ty the reduction is the heat losses due to 


the modified form of the filanzent. The greatest ad- 


vantage is using @ bispirel filewent is obtained for 


low-power balbs at 220 volts, shich have the bishest 


eo heat lcszes. 


Fig.12 - Couble Spiral 
os Filazeat (“Bispiral”) . 
BS other special balks and lasps, ancandescent bodies 


em 


In motion-picture projection, searchlight, and 


> _ of maximun brightness and mininum size of luminous surface are used. A filament 


~ stretched spirally on a spherical or ellipsoidal surface, or a spSere or ellipsoid 
of compressed powder material, constitute typical exeunles of such incaadescent 


—bodies. : 
— : 


= Vacuum or gas-filled incandescent lagps with tungsten filasents radiate sost of 


—their radiant energy in the region of short-wave infrared rays (cf.Table 14). 


74 


OP em 


For exemple, a vacuum incandezcent larp, at a tungsten filament temperature of 


_— 


36 


_T = 2500°K, has its maxinum radiation in the region A= 1.18 5, and a gas-filled 


ac 
vo 


_lamp, ata filament tesperature of T = 3000°K, in the region A * 0.96 u. 
ats 


tee 


If the total energy radiated by a vacuum leap is taken as 100%, then oaly 


° ~T-12% of the radiant energy is contributed by the energetic radiation in the visible 


~ portion of the spectrum, and the energy perceptikte by the ha amcants to voaly akboat 


‘- 3%. The remainder of the energy, except for small losses in the holders, is radi- 


4° _ ated into space, mainly in the form of infrared rays. | 


The properties of tungstem incandeecent iemps and the sisplicitty of their meas- 


“-“ 


wD facture, permit their use as sources of infrared rays. 


Table 16 gives aa idea of the energetic Lalance of a vacuca invandeaceat lanp 


4. 


. and of lemps filled with various gases. 


a 


. 
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Qre of che masa dravtacks of sneandesceat lecoa, as ia other teaperatere radi- 


atezs, is the very low selectivity of their radistion, reqiring the cse of special 


Table 1€ 


Cistritortion ef Radiatien Exrerry (ia perceat) ia Various 


lacandesceat Lazps (Pibl.3) 





: filters to cut cut the recuired portion of tke isfrared spectros. 


Sectica ly. Hasic Pareceters of Incendescest Slectric Fuld 


wa 
ae 


a The iscesdescent electric is curracterized by ike followieg ij leszaatios 


oe. o aad energetic paraneters: filasent texperatare, Erightzess, luxizous flex, lasizous 

efficrercy, power consumed, and working veltage. The filament tempera*are is tte 

_ waia characteristic detersiaiag all tke illuwisation-enpiaceriag aad ceergetic 
paraceters of the lamp. 7 

7 Tne brightaess of radiatica is ceterwiaed by the working filaweat texperatare: 
__ the higher the texperatere, the greater the brightaess. 

Jable 17 gives daca showing the relaticn of brightseas aad teeperatare. The 
brightness iacreases sharply at a relatively szal] iacrease ia tecperatare ia tke 

- working regioa of 25)0-3000°K. 

Qoe of the maim parcacters characterizing the operation cf a imlb is the lumi- 
_ nous efficieacy, Ceined as the ratie of the lesiaous flux to the total poeer rad- 
C. a ated, aad xcasured in lumens per watt (la/s). 

2 a The luniaous efficieacy characverizes the econosy of the larp or teil: tke 
greater the light flex radiated ty a leap per rate of poexr ispart, tke more ecoa- 


omical the hell will te. 

















Declassified in Part - Sanitized Copy Approved for Release 


+ oraknaadmnantmassonh taeaneanbemaceear tuned al 
es ORT (A BIEL aE OR RY Sete ee eed A GOAN OS mn econ 


@ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 


STAT 


at 







, 


- 


wa Me 


nme 


“a Gallas eee ane ee pwns pec ene ene et em ee ernment 


“creasing diaseter. A solution of “the probles hes Leen to designs filaseats in the 


fora of a double spiral, or*bispiral® (Fig. 12). 
Lamps with » bispiral filoment have s higher luminous efficiency than leases 


with oniy » single spiral filament. The increase in luminous efficiency, amounting 


-20%, ding the t of laxp, is ex- 
( - PAELLA OS HDS: pee eh to 8-20%, depending on the type 


plained ty the reduction ia the heat losses due to 


the modified form of the filanent. The greatest ad- 


wwe 


vantage is using a bispirel filewent is obtained for 


% = Yes low-power bulbs eat 220 volts, shich have the highest 
Ae "od BG 
"Tae “oF RG keat losses. 
oe Fig.12 - Louble Spiral 

mn tilamcat (“Bispiral”) 
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In motioo-picture projection, searchlight, and 
other special balks aad lamps, ancandescent bodies 


>. _ of maximup brightness and minisum size of luminous surface are used. A filameat 


~ stretched spirally on a spherical] or ellipsoidal surface, or a sphere or ellipsoid 


of compressed powder saterial, constitute typical exexniex of such incandescent 
—badies. : 


( , has i 


= Vacuum or gas-filled incandescent laxps with tungsten filasents radiate aost of 


ter 
ood 


—their radiant energy in the region of short-wave infrared rays (cf.Table 14). 
24 


ee 


= For exemple, a vacuum incandezcent lacp, at a tungstes filament temperature of 


BS = 

—_T = 2500°h, has its maxionum radiation in the region A * i.1$ 5, and a gas-filled 
er es. at a filament tesperature of T = 3000*K, im the region \ * 0.96 u. 
$9 ae 

Ls If the votal energy radiated by a vacuums lasp is taken as 100%, thea oaly 
4? 


: T-12% of the radiant energy is contributed by the energetic radiation in the visible 


~ portion of the spectrum, and the energy perceptakte by the haa amcants to only atoat 


3%. The remainder of the energy, except for evall losses in the holders, is radi- 


_~ 


4. ated into space, mainly in the form of infrared rays. | 


The properties of tungstes incandeeceat jamps and the simplicity of their seau- 


facture, permit their use as sources of infrared raya. 


ars 
phar 


Table 16 gives an idea of the energetic balance of a vaccum iacendesceat leap 


Bis vss 


- and of leaps filled with various gases. 
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Qre of the naan drackecks of sncandesceat. lee, as ia other venperatere radi- 


atezs, is the very low selectivity of their radistion, reqeiring the cse of special 


Table 1€ 


Cistritnotion ef Rediatien Erergy (in percent) ia Veriess 


lacondesceat Lazps (Pibl.3) 





filters to cnt cut the required portica of the iafrared spectrom. 





Section ly. Zasic Parzeeters of Incendescest Electric Fuld | 


\ 
es The jecendescest electric ball is chzracterized ly ike fcllowieg i] leszaatioa 
Coles 


aad energetic paraneters: filasent texperature, Lrigbteess, luxinous flux, lasizous 
efficrercy, power consume’, and working veltage. The filament tempera*are iz tte 
_ waia characteristic determiaing all tke illuzisaticn-engiaceriag aad ceergetic 
paraseters of the lamp. 
- Tne brightaess of radiatica is ceterwiaed by the working filaseat texperatare: 
a the higher the tecperatcre, the greater the brightaess. 
The 
trightaess iacreases sharply at a relatively szal] iacrease ia tecperatare in tke 


- working regioa of 25)0-3000°K. 


Table 17 gives daca showing the relatics of trightcess asd Cemperacare. 


Ooe of the main paraseters characteriziag the operation cf a tel’ is the lumi- 


_ soos efficieacy, Cefined as the ratis of the lumisoas flux to the total poeer radi- 


O. ns ated, aad xcasured in lumcas per watt (Is/s). 


“a The luninous efficieacy characverizes the econosy of the laxp or telt: tke 


greater the light flex radiated ty a leap per vate of poser ispart, tke more ecoa- 
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b. nese ae oie ; 
: The values of the luzinoas efficiency of vacuw asd gas-filled lamps can te de- 


termined from the curves in Fig. 13. 
Shen a larp burns, the tungsten filazent is gradually vaporized, and the wails 
of the bulb are covered with a dark fila, shich attenustes the lusinous {lux radi- 


ated by the incandescent lody. To reduce this hareiul phenexenon, nll sedera ia- 


sas 


Table 17 


5 


: Relation between Temperature and Brightness of 


: Filaxeat 


Texperature of Filamest Bri ghts<<s, | 
*h Serlb 





: ~~ candesceat electric bulbs (from 60 watts up) are filled with as inert gas (usually 


a mixture of argon and nitrogen} which helps to reduce filament vaporiiation. 


Aw stated above, an increase in temperature leads to aa increase in the ea- 


te 
te 


2 ergetic efficiency af s radiation source. Since, in ga3- filled laxps the vorhisg 


. 
~ 


..7 temperature of the filanent. can be increased without shortening its life, the ad- 


1... vantage of charging a bulb with gas becoces evident. 
ce However, this is tre only for bulbs of aedic= and high asperage, which, as @ 
eet rule, have a relatively heavy incandescent filazest. In icv-asperare bulks, wath a 
: = fine incandescent filament, the temperature cannot be signi ficeatly increased, 


” since this would accelerate the vaporization of the filament. The greater the di- 


naeter of the filament, the higher the texperature it cam withstcad. 
Consequently, for lamps at the same feed voltage, the luminous efficiency aad 


filament temperature are higher in the higher-asperage lazps. The variatioa of the 


paremetera. of incandescent lamps with applied voltage is shows ty the curves ia 


Bigs Ue. 
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Section 2. Featares of the vesi¢s of Iacacdesceat Lampn for Searchiaghts 


Tre prazscipal differexces Letweca searchlizht Laeps and ordisare illieiastiag 


laups lie 12 the ferm of the izcandescent bedv and the form ond cisersicns of tee 


kwlk. 


The selection of the trvpe of lamp 15 Jeternised ivy the cinezsions of she Sens 


| 


1d 


7 





Fig. 13 - Felatica of Luaninous Ef- 
ficiency and Teaptratare: 
l- For gas-filled lasps with 
tungsten filament; 2- For 


get 0987 6 § 


ar 


Fiz.if - \ariatice ia tte Paracesers {ia 

&) of Fucandesceat Lasps as a Sunctica 
of Yoltage Laput 

F- Lusinscs flex; C.0.- Lusinoss ef- 
ficiezcy; S- Power; I- Gurreac; 
r- Fesisteace 
2) Applied voltage, welts; t) F; 
c} [eration cf tarnizg 


Pia es 


bd 


vacuum lasps with tungsten 
filameat 

a) Luminous efficieacy, las; 

t) Teegeratare, ‘k 


Pitdd 


~ svstea of the searchlight aad ty its purpose. 


Figere 1$ shows characteristics nocers rearchligkt lasps. Fy filaseact fore 


aad tall skape, sech lamps nay te roughly classified iate four groups. 


Tke leaps of the faret proep (Fig-15.a) Lave a cyliacrical spiral filament of 


weet 8 Nite of 


Pe eK ee 


- small dieveter- tet relatively great lesgth. The anis of the spiral is perpeecicniar 


to the aais of tbe lamp, aad the shape of the Yeli as csnaily spherncal, This posi- 
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tion of the filawent allows 2 acall angle of diffusion “5 the vertical plane and a | 
large angle in the horizental plane to be obtained {roe such leep in a searchlight. | 
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0) c) 
Fig.15 - Types of Searchlight Incandescent Larp- 


; In lacps of the second group (Fig-15,b) the incandescest filament 1s the sane 
- as in the lamps in the first group but is installed along the axis ef the laap; the 


shape of the bulb is spherical. 
tion factor of the lens system of the searchlight 15 increased. 


the front surface of the 


_ To increase the efficiency of certain projector lamps, 


. _ 


.» spherical bulb, is coated with a mirror layer serviag to direct the luminous flux 
=“ 


a7 from the filament into the lens systems of the projecter. 


a In lamps of the third types (Fig. 15,¢), the spiral filament is arranged in 2ig- 
38 

—zag in a single plane (which gives the incandescent bodv a rectangular form) and is 
2. 


placed in a bulb of cylindrical shape. Such a filament fora allows the necessary 


—jangles of radiation in the vertical and horizontal plane to he selected by varying 


3. ' 
_ the ratio between the sides of the rectangles. 


7% 


In lemps of tke Suurth groun (Fig- 15,4), the incandescent filament is drava 


out in che form of a spiral. The bulb 1s cylindrical or has a spherical tulge at 


e 
7 - : 


In using lasps with such a filesent, the utiliza- 3 
j 
i 
| 
} 
{ 
_ she ceater. | 
engineering data of 


The 


QO seatts. 


{ 
Table 18 gives the main design, clectrical and as natina- 


a few types of searchlight and motion-picture projection incandescent laaps. 


range of voltages is from 11-220 volts, and the range of power from 250 to 
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"The over-all brightness ranges from 455 to 3000 atilbs. The fores and types of the state, bas a very high resistance aed therefore conducts aixost zc curreat, the : 
nockets vary (according tu the function of the leap). cplicder is prehected ty the :acandescent platisun sire c, sound cam the sorcelaia 
The life of the laeps shorn in Table 18 corresponds to ncreal voltage conditions. pra AE. 
By shortening the life of the lasp under forced conditions, the lsops will yield s After erekeaticy for 3)-45 sec, the resistance of the rd is consiceratly re- 


: : s i . i o the resistor Fis ¢ 3 x, 
higher luminous efficiency end brightness, which souetines exceeds FO0- 400 stilts. Cxced. In order to linrt the increasicg coirent, 721 5%0 is cconected 1m the 
circuit of the red. 

Section 21. Special Infrared Hadiators The electrewagnet £ serves for autonatic switching of the rod frem the pre- 


beating circuit to the sorkiag cirezit sath the resistor F. 


The fod Lamp 


The radiation spectran of the rod lasp iFig-i7) Las tao priscizal saxica, coe 
The idea of designing a laxp with a luzinous Lody cade of a kaolin plate, heated 


in the regien 1.6-2.42 and the other ia the remcea 5.5-5 4. The rod larg is a govud 
to incandescence by a current, was conceived by the fzmous Hossias esientist 2.25en- 


tor, P.N.Yablockhov. 


Figure 16 schezatically shows the construction of the rod lam in which the 





PT che Mee eae edn ee ag 


a 


Figz.13 - Spectrun cf Fetiacica of Incandescent Waatle 





( : a) Bavelength, uo; t) Iateesitw of raciatica, % 
selective source of izfrared rays, toc at the sae tise bas the followiag nzaia dis- 
advantages: 
125 *s) 6738399 ; ~ Sensitivity to flnctratices in toltage, requirise stabilization br veaas of 
ere - : a tarretter; ; i 
a 8 
i Fig.17 - Hadiatioa Spectrum Low radiatica poser, allowicg the rod lasp te te used priaarily caly uader 
of the Fod we latoratory cooditicas; 
. a) Wavelength, u; >) Intea- 
sity of radiation in relative tapac cisixtegratioa of the rod with racreasing tesperatare. 
~ units ! : 
es The lTecandesceat Vaatie 
. s i { rirco- j 
i scent body is # coepressed cylinder, the rod BR, made of a mixicre o . 
incandescen y Ie its desiga, this naatie consists of a cap teatsd to izcandescence ty ube yet 
sum dioxide and yttriua oxide. a | 
( a flame of a liquid fuel or gas. Ve 


The diameter of the rod is 0. 4-0.6 am, its length 12-20 aa, its supply voltage 


: The tody oi the mantic 15 sate of silk iupregzated with thorizs cxige, vith a 
100-250 v, its current 2.25-1] amp. In view of the fact that such a rod, in the cold 


few percent cerium oxide added. 
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A feature of the incandescent burner is its radiation over a very wice range 





of the infrared region of the spectrus, beginning frows 1 » (Fig. 18) up to 10-150 zu. 
Recause of the lee intensity of its radiation, however, the incandescent. sartle is 


used only for laboratory studies. 


_ Section 22. Electroluminescent Hadiaiors 


NE 


While temperature radiators yield 2 continuous spectrum, electroluminescent 


sources of radiation have a discontinuous line or Land spectrus. Electroluminescent 


Table 19 
Atonie and Electrical Data of a Few Gases and Vapors 


Ionization 
Potential, v 


Firat Resonance 


Potextial, v 





radiators make it possible to build high-intensity selective radiators vith a maxi- 
mum of radiation in a very narrow region of the spectrum, depending on the gas used 
for filling. 

Electroluminescent radiators have a number of disadvantages: the relative com- 
plexity of their circuits, which requires the use of chokes znd transformers; the 
considerable time required for establishing a steady state, etc. These disadvaa- 
tages limit, to a certain extcat, the use of slectrolumnescent radiators as techni- 
cal sources of infrared rays. 

Electroluminescent radiators of the type of gas-discharge tubes and gas- 
discharge lasps are heing used widely in infrared technology. In their design, rva- 
diatora of this type consist of a glass or quartz bulb filled with gas or with a 


vapor of certain metals. Metal electrodes are fused into the bulb, and the voltage 
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necessary to produce a discharge inside the tule is applied to them. The coastruc- 
tion and desigs features of various gas-discharge ‘amps used ia infrared technology 


erll be considered Lelov. 


Section 23. Cases and Veral Sapors Laed for Filling Ges-Lischarge Lazps 


The following ganes are used for filling gas-cischarge laos: neon, keliun, 
argon (as an additive), and the vapor cf wercury aad sodinn. Scdion vapor is ches- 
ically active and reacts wth the glass of the lanp tulks. Sisce the vapor pressure 
of sodacm im the cure state is very low 
(0.0002 ca Hz), a certaxn toust of neca, 
argon, or other inert gas shick is ckerical- 
ly isactive end does cot coabine with the 
electrodes and the giass, nart te added to 
obtaia the discharge. 

Table 19 zivec the atonic asd electrical 


data of a few gases and vapors used to £111 


gas-disctarzge lamps. 





Sp Section 24. Forns cf Disckaree ia Gas 

Fig. 19 - Volt-Acpere Characteristic 
ci Gas Lischarge 

a) Current, axp; b) Voltage, v5 

c) Are discharge; d) Anozalcus glow 

dischacge; ©) Norwal glow discharge; 

f) Transitional regioos; g) Sileat 

independent cischarge; b) Sileat 
non-independest discharge 


~~ Om 


The most convenient way of stedyiag che 
various forgs of clectric discharge im a gan ' 
is Ly plotting the volt-axpere characteristic 
of the gas disckarge, as shown ia Fig.19. / 

Thais ciagraa shows that, for the initial | 


section OA, cixect proporticaality teceeca 


cerrent and voltage exists. The suksequent voltage rise does not lead to an ia- | 

crease in cazrent, and cver the seguent AE the curve rons alanst parallel wm tke a 
abscissa. A further rise in voltage leads to am increase ia cerrent along tke seg- i | 
ment BC. Taken as a shole, the regica OC 15 cailed the region of sileat noa- . 


independent discharge. 


The segeent CG 15 characterized ty coastaat soltage with rise cf currert. Along 
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C f 2 C434 oe 
while the repion CE 1% the zone of silent 


the segzent DE, a voltage drop occurs, 
independent discnarge. 
Along the segment EF (in the transitional regicn) the voltage drops capidly, 


the current increases, the gas in the leap begins w glos, and a poraal glee Jis- 


hs . ie charge forrs in the region FG (where the 
current does not depend oa tke voltaen). A 
further increase in currert leads first to a 
sharp voltage rise (up to point H), ané then 
to a sharp voltage drop (up te point I), and 


in the region GI an ancealous giow discharge 


+ 
a takes place. 
The last region, IJ, in which aa are 
. ; discharge occurs, is characterized iv high 
d)- + 


cncreat and low voltage. 
The gas-discharge laxps used as soarces 
Fiz.00 - Electrical and Luminous = 
bee Characteristics of a Glow Cis- 
( charge in a Gas-Discharge Tube 
l- Cathode dark spece; 2- Region of 
cathode glow; 3- Nonluminous nega- 
tive dark space; 4- Hegion of nega- 


of infrared rays vsually operate under glow 


or arc discharge. 


Sectioa 25. The Glow Discharge 


tive glow discharge; 5- Faraday 
dark space; 6- Positive colugs; 
7- Kegion of anode glow; 8- Anode 
dark space; a- Gas-discharge tube; 
~— pe Intensity of luminescence; 
c- Distritution of potential; 
fe! d- Density of electron flux 


The gas contained in a gaz-discharge 
lap is always in a state of pastial ioai- 
zation due to the action of external ica- 
izing forces: ultraviolet, radioactive, aad 
comic radiations. Under the action of 
voltage applied between the anode and cathode, the electrons tegin to ke dispiaced. 
In addition to this electroa ccrrent there also appears a current cue to the posi- 
tive ions moving in the directzon of the cathode. As a result, the total curreat 
( increases. For a glow discharge, low current density and great voltzge drop are 
characteristic. Such a discharge is characterized Ly a tright glow, shose color 1s 


determined by the kind of gas in the lazp. 
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Fircze 20 shows the electrical asd lumiscus characteristics of a ziow <1scharge 


1a a gas-fischarze tube. 
Figure 2, shoss that direct*y at the caczede (kh) ther? 18 a carrom remos (i) 


called the cathode dark space. This is adyorzed ty the rezico cf cathode gice 12), 


followed ky the regica of somlonmizous cezatire carh spave (2). Tze nerative cark 


space is 1A turn adjoined ty rhe region of cegative gicw cisckarze (4), pasting orer 


into the feradav dark space (5), which 2a ture changes cver 22°60 the Errantiv zice- 


ign positive column (4), terminating 1% the regica of snote gies (7), separatee fros 


the anode A tw the carrow ascce dark space (8). 
It will te clear from Fig-20,t that the iztenn1ty cf lemazescecce 28 ©13tr2- 


tuted coauniforzlv alene the larp. Is the regres of the cathode cark space there is 


no lunisescence. Ja tke reeicn cf the cathode clos tere is a sw2)] xaxixoe of 14- 


tensity, Cixizishizg ca tracsition to tte regicn ci tte eeratize cark space asd 


again sharply risizg ix the region of zegativ: glcv cuscharee- Ia the sepnon of che 


Faraday cCark space, the ixtersitv ci iueazescence dicps starply and ther rises gTads- 


ally, assuarce 2 cons iat value ia the regica of the positite ccolaza. The asode 


glow kas a sza}l saxixzon of intensary anc thera falis iz ele acode Cark space. 


The potential is aiso Aistrituted irregularly tetseer the electrodes (Fiz.73.¢}.- 


In tke regica of the Cark cattode space there is a cathote potential crop. Is the 


regico of the regative glow discharge there 15 a maxizux of potential, stick <de- 


clines fizst 12 the regaca of tke Faraday 2ark space wd thes sacothiy zises alsost 


to the anode, stere a savll] upeard 5csp of potertial is soted. 


The tensity of the electroa flix (Fizg.0.2), tesienize fron iu carbode, rises 


gracually to tke regioa of the Faraday cark space skere 2 seail] uaxizum cccers, aad 


thea rewaizs unchanged alucst to tke anode, shere it iacreases sligttlv. 
\ 
Section 25. Belira Lasps 
\ 
‘ 


| Tke helica zes-discharge spectral Jaap, whick 13 a resonant socrce of .afrared 


ravs, is sckewatically shou 12 Fig.2). This lasp differs iz design {row ordizary 


gas-discharge tutes 1a Ubat ita tele contaizs a special capillary cabe as vhick a 
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current density of 500 aap/ca? is reached. ie eae ee : | " the bulb is attached a tabe with electrodes. The teep ia 8 selective source of néar 
The brightness of radiation of the helium lamp is up to 600 sb, and the maxiain infrared rays of great radistica intensity ia thia region. ‘lo prevent the cestruc- 
radiation is in the region 0.8-1 u, i.e., is a source of near infrared rays. tion of the glass cue to aksorption of cesicn vapor, the inner surface of the telb 
is coated with a thin layer of a special cosposition. The lasp is preduced ia D-100 
1 and SQO watt sj ves. 
Bae 1% : | C} The 100-watt lasp (Fig-23) consists of the tube K, 125 ce loog azd 35 cm 1a ci- 
10 ! aseter, filled with cesiun vapor and soue inert gas, such as argon. The tube eads 
4) | a) in the buld B, 50 em in diazeter, one end of which terainates ia 
6 | cathy the four-pia plug TS. 
‘ i * The discharge takes place betw:en the tvo spiral tangstes ; 
: i yl 8 electrodes E coated wits Lariusm and strontian oxides. The dis- 
, tence between the electrodes is 76 am. 
; oS ) see ee 7 The fact thet the tuke is filled with argoo with an adsixture 
Fig.21 - Diagram of Helius. Fig.22 - Hadiation Spectrus of a Helium S of hydrogen (0.005%) facilitates ignitica and iacresses the ia- 
Leap 2} Intensity of See in roletive etait Cegeeen, BR OP a eee eh Se eesies tepor. Usder 2 preséate F 
units; b) Bavelength of 100-Wace Ces- of 200 om Hg, the lasp bas iis caxisom resonant radiation ia tbe 
“ . Ca : C) see regica of the near infrared rays. ith decreasing pressire, the 
7 In 1934, Ye.Cevyatkova and N.Devyatkov developed an origina] type of helium yas ~ 
discharge lamp (Bibl.6). The tube is wade of molybdenum glass. The anode and resonant radiation dixinishes, while sith increasing pregsure it shifts rato tke 
cathode are located at the ends of the tube. The cathode is made of oxide-coated oa visibie regica 2i the spectrca, and tse tarniag of the lamp Lecomes unstable. tig- 
tantalum, and has the form of a cylinder, within which a tungsten spiral for heating ure 24 “ez the radiation spectrun cf the cesium lasp. The saxisum radiation of ‘ 
the oxide layer of the cathode is placed. The helium charge of the tube is under a "the lamp corresponds to the savelengths 0.86 and 6.29 u. 
+ pressure of 4.5-12 mm Hg. The voltage required for a discharge to occur is 40- = A 100-watt cesium lasp has a power oatpot ja the infrared region of the spec- 
$0 volts at a current of 2-12 op: : trum equivalent to the output of a 700-satt jacandesceat laap. , 
The radiation spectrum of ‘this lasp (Fig.22) is mixed. Together with a strong The cesium lasp kas the very valuable property of permitting alnost complete 
resonance line of helium at the wavelength 1.08 u, the spectrum has a continuous re- codulation of the current. The godulatioa characteristic givea ia Fig.25 shoes my 
gion of radiation of the incandescent cathode in the range 0.8-2.95 u, with the maxi- that the nodulation percentage, over the greater part of the andio-frequency raage, : 
mum of radiation at 1.8 t. Both types of helins lasps zey be used as radiators of - se-6b8 gad au 40s600 eps, semunte: to stout 40-70%. : 
: short infrared rays. A A 60-watt incandescent lazp is also wodulated by an aadio-frequeacy cerreat up 
: Section 27. The Cesium Resonance Lamp : to 6000 cps. In view of the great therwa) inertia, 1%s percentage noculation at a 


y s ; a i h dth t as in the cesium lamp. 
The cesium resonance lamp consists of a bulb filled with cesium vapor. Inaide {frequency of 1000 cpa is caly a thousandth as grea aaa . 
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: cate ag FERN AY. SON FON meaner maser ratte ey” Sg er eee Ne GNM CAB e OG pee Moet we am areees Ome nT ee, 
8 Le EO A er ONE ee sl eed 4F : 
t sy Sectteeateeis due pants. 2 
; ' Section 23. Mercury Laeps 
tipure 26 shows a wiring diagram of the cesium lamp. The tungstea electrodes 
sew ; . 
are heated to incandescence by currect from the winding of the transformer Ty {6 amp, ciate Wins Gis Widely ered te ee HO A ae eae 


2.5 v) for one minute, after which a discharge takes place Letaeen thee. The technology. The fizst patent for a nescury lezep (low-pressure) eas issued ia 1879 vo 












Ia mercury lazps, together with ae electroam ctrreat, 24 ion current passiag 


he a Cet ee oe eee | : 
SONI em pee od ama Se ta + , . 
itd - erp io ny 
Hohe t-te eb <a ieee Si Sa 
rij 1 : i fs beGtild} 
4). * 3 { . $ if Re: 
rg bd a ~t oa . e ¢ 3 
eee | “| Lie 
tog j 
a2} 1 i | yi oe 
ca iy ims : it | : 
| : 
ers Sig © 
a) AS 
ee g me mene FITS 
tiz.24 - hadiation Spectrum of the Fig-25 - Modulation Characteristic of the : és arises) Uw iu 
Cesiurz Laep Cesiua Lazp ; @) 
&) Yavelength, u; b} intensity of a) Frequency, cps; b) Percentage goculation,& | Fig.27 - Fadiatioa Soectrum of a2 “1GAF-2° Tepe Yercary Lap 
7 ’ “a ane ~ ° ee ° . 3 - . 
radiation, % | 2) Berelength,.; P) A abenarty of radiation in relative units 

« ' 

° x iS & © 
200 wales slzcrnating current fur the pesver supply of the ismp are fed trom the tke Fussiea scieatist Professor Fep’ yev. ; 
starting tressfermer Tz. After ignition Bs Ree Asepuea lcs tnare st Nee Weare = ( The are dischzrge in nercery vapor has certain pecaliarities Cy corparisoa with ; 

~ | : the discharge ia other vapors. 
' t 
1 


"" free anode to cathode is generated. The density of tte electroa aad ios currents 
depends on the velocity of the electrons aad ioas. 2 


Since the velocity of electrons is considerably bagher, the deasity of the 





electron current is also higher than that of the ion carrent. For this reasoa tke 


Tae TRG ay OR at ENS Hele ef RE hee ADR DDE AENEAN Satge Eb seh! RZ Lf ont tine 
~ 


| atons, 23 vel] as their cnergy, increases “stepwise® cr, as it is ccamonly 2x- | \ 
one minute, the LC voltage is turned on and the current drops. Thea the 300 volts MI 


’ 


Nae mae 


Fig.26 Wiring Di agree og! Costus Laep: total discharee cuzreat of the zercery arc is determised priszarily by the electron 
1g. = ° . | 
T, - Starting transformer; M - Modulator; L - Laxp; C - Capacitor curreat. a 
dulator; T, - Transformer of nodulator sae 5 a 
ore a) Girect current With increasiag current density, tke auster of repeated collisions Letweee the : ‘ 
4 
i 


pressed, “stepwise ic-ixation” takes place. : 


i : inutes later, the discharge in the C) 
AC and the heater voltage aie turned off; 15 minutes later é Se dS ian ce dea eect eee ena eee 


ee 


‘ sav state), and a modulating voltage cana Le isposed oa the . : Nes 8: 
lamp becomes: steady “Catess) Ms nous discharge coluena is characteristic - 1%s constrictica 1ate a sarrow “thread® 


lamp across the transformer T,.- 


+ te wwe 


of very great trightaess ( “‘threadiag"). STAT 
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erty OR SAT cee ete My tee per narege es ’ 


t ioe Oe < te a fen ec ~ = es a ease 
at respective pressures of 20, 13), and 200 ata and potestial gradieats of 120, at, 


and £00 watt/en. 


Depending on the pressure of che mercury vapor filling the laep, there are three 


i i A | e. a 
forms of percury-are ‘lischarge, at low, high, and extreme wercury-vapor preraure. | 











{ 
t 
his connection, mercury iarps are subdivided into lesps of low, high, and extreze | The curves are plotted from rhe data of neasorevents (Bib1.7) aac show that 
this ’ | sith increased prensure the line spectrom chesges into a continuous spectrum. 
pressure. 
At low mercury-veper pressure, not exceeding a few millizeters Hg, and low cur- Lan 
- | { rent density (atout 4-5 amp/cm?), the maximus radiation occurs in the ultraviojet i 
tegion of the spectrum. 
Table 20 
Listribution of Radiation Energy over Spectruz of Low-Pressure 
2 Yercury Lamps (Bibl. 7) 
Spectral Distribution of Radiation Energy. x i 
< y 
: Litrarviolet Region, Visible Regica infrared Region i 
0.2-0.39 0.29-0.75 0.76-4 » | 
Dre EY RB eg . 
7 | 9,9 | 54.5 18.4 | ; 
| 0.9 | $2.3 16.2 } 3 
j 48.6 
0.5 31 ] , 
| ‘00 | 29.8 | 2.8 19.4 | 7 
- 29, : 
( " : 
At high mercury-vapor pressure, the curzent density and concentrations of atrms : 
and ions increase. Under these conditions, the phenoszenon of threading cf the dis- | 7 : 
~ charge column takes place, and the resonance lines of radiation in the visible re- | : b . a it a A, 7 
f th t art intensified: the yellow lines at wavelengths of 5791 end a : 
gion of the spectrus : Be ig. 23 - Spectral Distritoti f{ hadiation Ee for Three Estrene - : 
A i A 111 i {roa Fig.27, which stovs the > Fig.28 - Spectral Distritution o ation Eeergy fo 
5770 A,and the green line at 546( A, as will be sees Banks oe Pressare Yercary Lanps: 2. 
eee - a- Diaseter of lamp 4.5 am pressare 20 ata, potential gracicat 120 vatt/as; : 
Be, on t- Ciaseter of lap 2 xm, pressure 133 ata, potential gradizat So watc/ce: 
At extreme pressure, the current density is still greater, and the radiatioa ee eG 
| in the infrared region of tke spectrums increases. ; 1) Fadiation energy ia relative anits 
i f the discharge, the distrilation of rae . | 
Consequently, depending on the form : Table 21 gives the spectral dcistrikutico of radiatica energy (ia %} of extrese- : 
diation energy over the spectrum also varies. 
i ress leaps. 
Table 20 gives data on the distribution cf radiation energy over the spectrum pes Pressure zercury lasp 
C oe Extrece-pressure laxps have a high efficieacy. 
: of low-pressure mercury lamps. ro | _ 
28 sh the spectral distribution of radiation esergy of three extremes 2 For leaps at 200 ats pressure, the total radiatina power amounts to aboe* 75% 
‘ i shows the 
oo 1 4.5, 2 a lem in diazeter, respectively (Fig. 28,ab,¢), of the power isput, which irdacates tke great econony of the lanp. At a lum:zocas 
ressure mercury lamps, 4.5, 2, an ’ 
STAT : 
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& Q ¢ | 
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—— > . is ee ee eee ye ees nae ; : code ; - E - | 
2 = on fy eee 3 ease ene EEN EF OR eR Mere CHORD ANG Nt rtemmmmmn ete ERE EEE PELE MS ENTE OR Ieee rae ners | 
" ° . - * fee “ ; 
i is fi seh ne - Aa a» vossle cf che hia’e 
: ; d -apet of 710 watts, the lap rodiates a fkax of aot exceeding 3) am. the tate is filled with sercary vapor x 
D Oe io aee ? i i we laws is drsza into a carro thread 
pare To cdtai sisiler flux from a tungsten incandescent lasp would take preszure, the discharge colunn ia the tube of che laup 2s crs9 
46 * 10° lm. To cdtain a y | 
Table 21 
es Spectral Ciatribution of Radjatioa Energy of Extrese-Pressare 
Mercury Lamps (Bibl.7) O 
Spectral Castrmbatice of Pediant Ezergy.% | 
Lai —_— | 
| Efficiency,| A<O0.4u | 472.44 0.78 : 
| Im/watt : i | rn 
Be meh CS OS LIMIT SY 
: : 
' 


«a 
48 
s 





Fic.29 - lialiarica Spectra cf a SSL-250 Vercery imp 
a) Bavelength,-; £) Intenzazty of rad. st1ca iz reizzaite 


- - units 
' 
: . . a. - ze eee | 
OC ces oe f th of a Ciaseter rot over 1 am, thasks ts whick the high trightaess o% tre ractiatica is . 
; iati i i d portion © e 
i i i diation power ia the infrare 
With increasing pressure, the ra 


- a 2¢e@a of tLe SYT- A 2 aap. 
? s 


pheri ix. ists of a spberical qearts twit cf 10 om cot- 
Fe h soa extreme-pressure gercury-arc jaaps sre good the spherical Lap {fix 33} coasists o p 
diation of the lamp. for this rea 


nee te eee eee 





. C} side cimeter sad 4.5 am inside diameter. The leagtk of the tate is 4) mm, aad the 
i aii a : distazce Letwees the electrcdes 15 am. Speczal spirals placed oa tke electrodes are 

. as i . : 
~ ~ Section 29. Extreme-Pressure Mercury Lasps | Beri pslpah Aces, Seieies nv eyoetadaeast eae aaa De ween Rees 

rdiviced iato ‘ the 

Accarding to thear design, extreme-pressure laaps (SVD) say be suraiviced 2 j 
: - sina -cooled capil- 

three types: capillary and spherical with natural cooling, and wzter-coo 2 
i lary. dene 

i i iti { the lamp. The ~ 
5 This classification is based on the operating conditions 0 ee ‘e 

cons«aed. 
brightness of the radiation of rercary-are lamps depends oa tke pover <a | 
; ich is nace of re- 
power is limited by the heat-resistant properties of the bulb, shich 15 
° . sg * =: : 
fractory quartz glass. : designed ior . Fig. - Arreazenest ofa SNE Sprerica Loup eee 3 
Extreme-pressure capillary nercury leaps with nacaral cooling are esE@ne U- Tengatea electrcdes; C- Spirals cf cxide-ceated tangstea; ! yar | 
, : © eatts telb; W- Wolytdesum foil; P- Coatacts of electrades 
a pressure of 2 ata and a power of e : peer Ke ne : 


arzz capillary tule, of 
The capillary mercury leep consists of a qu ap y . aos 
l h Teo t tea electrodes are . 
i i $0 mm leng2h- uA gs efficiency of @ la/satt 
diaseter, 6 om outside diameter, and 35- g 


Tatle 72 gives the parameters of capillary aad spherical extrene-pressere 
i th ds, and are separated froe each other by a distaace £ p 
inserted inte the tube at the ends, 
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mercury laaps with natural cooling. 


The water-cooled copiliary lamp is a quartz tute 150 mm long, placed in another 


quartz tube scrving as & jacket for the coolant water. Treble 23 gives the parazeter 


Table 22 


Parameters «f Super High Pressure Naturally-Cooled Capillary and Spherical 
Mercery Lamps (Bibl.8) 

re 

sea Power, | weat-tp Beightaess Lnitous [Lexises juste, 

Flex. ere ae 




















Type of Ignition |¥orking 
Voltage, viVoltage, ¥ Aap Watts Time, min- > 
le/wett 









80-166 | 4-4.45 
1500-2009 | 1250-3800 | 9,5-1.2 1000-140 +5 






Capillary 
Seue 





Spherical 


of these lamps. 


Section 30. Basic Lata on the Theory of the Arc Discharge 


Before discussing ars lacps in vhich the source of radiation is an electric arc, 


we will present Lesic information cn the theory of the are discharge. 


Tatkle 23 


r-Higk Pressure Cupillsry Nercery Lasps, 
Wacer-Cooled (Bib?.®%) 


Parameters of Supe 








SP-590 

SP-800 

SVLV 

(NELZ) 

a) Type of lamp; b) Length of discharge, mm; c) Inside diameter of tube, mm; 


mm; e) Mercury-vapor pressure, atm; {) Power com- 


d) Outside diameter of tube, 


sumed, watts; g) Value of current, sap, bh) Current, amp - AC; i) Current, amp - 


DC; j) Working voltage, ¥; k) Luminous flux, lm; 1) Maximus brightness, sb; 


m) Lusinous efficiency, lm/w; 2) Life, hours. 


An arc discharge develops irom a glow discharge when the current deasity is ia- 
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__an are discherse is negligably scl, 





ecw ee 


creased to a vulue sufficient to heat the cathode to a temperature at shich zeission- 


oi electrons Legins, i.e., at shich therzcelectronac exission occurs. The high tea- 
perature is saintained ty the Loebardwcat of the cathode with positive icos. This 
fore of discharge, called the theraal arc, -s otserved ia 
7 j _t | electric arcs. : 
: If the cathode zaterisi bas a Ice vaporization tes- 
peratore (for instance, gercurv), then taporization takes 


place Lefore the texperature oecessary to start electros 





emission 1% reached, and at a certaia pressure, a discharge 


occurs with a cold cathode. This is explaized ty tke fact 


Fig.3] - Cistrituation 
of Potential im an 
Arc Cischarge 


that the zean free path of electycas #t high pressares is 


very short (aboat 1075 cm) sc that ioaizatioa takes place 


around the cathode. The positive space charge, formed as a cesult-of ionizatioa, is 


conceatrated at a certain distance frou the catkode, equal to the zean free path of 


the electroas. This space ckarge, together with the electrons, forns 22 
layer with a potential gradient reaching 102-306 watt/om. The discharge taking place 
is called an autoelectronic arc, or & coid-catkolse arc. 

figure 3) shces the potential distritotion ia varicas parts of the arc. 

The cathode-potential drop Uy 18 relatively snall (10-15 vw), thich disriaguishes 
the arc discharee from the gice discharge, is which the cathode-poteatial drop 
reaches 250-300 v. The length of the segment of the cathode-potential drep Ll, for 
shorter thae tke sean free path of the elec- 
trons, which, for a carbon arc ia air, is 0.0) am. 

Near thd ancde, oa the seguent Ly, the anode-poteatial drop U, is fereed. The 
seguent Letweca the regions ci the aacd+ aad cathode potential drops is called the 


luwiuoas, or positive, columa. Ia electric arcs, this seguent 1% cccopied ky tke 


flaze of che arc. The potential drop Ll, ia the region of the positive colsam varies 


by a linear law. 


The total potential difference Letween the electrodes of am arc is determaed 


as the sum of the poteatial drops over the individual segueats: 
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“mS ~ : ¢ black and waterglass. Electrodes with wicks burn xore stably than carbon electrodes, 
Ure yt yt (101) since the softer sass of the sick, evzporating wore strongly than the carton shell, 
: | 
Let us consider the various types of arc laxps. . ; qsple 24 
. - Cistributi f Luesnous Flex i FE f 
Pa ee Sinple electiie Are : stribution of Lu ou ax in an Electric Are 
epee 44 
: _ . . Ss : 5 
(. The electric arc was discovered in 1802 Ly the famous hussian scientist Profea- | Laominoes Flux in % of Total Laxinces Flux 
2 Posi ti Negati 
sor V.V.Petrov. Type of Current | SUNE ek | Flace of Are 
Figure 32 gives the diagras of the simple arc. The arc discharge, or arc, 18 j Crater) | 
. 5 ie ee 
formed between teo carbon or graphite electrodes. The cathode (5), heated to in cc | 85 10 5 
are candescence, is a somrce of electrons traveling toward the anode {1). Ac | 47.5 41.3 5 
ae wo ? 7 aN OO CON Ot eae see: 
. : As a result of Lombardment by the electron stream, the anode is 
bh 4 2 heated to shite luminescence and a depression, the crater (3), at a fores a gas cloud intensifying the ionization of the arc, thus facilitating ignition 
v ar erature of up to 4000°K, is formed on it. and maintaining the stability of the Lurning conditions, The rate of Lurning of the 
Ss i » ; ae 
Ss 3 This is explained by the fact that the electrons traveling froe cartons under norzal conditions is 1 sm/mia. 
the cathode, impinging on the surface of tke anode, give up their The siaple electric are has chet is called s desceadiag churacteristic - the 
[ j kinetic energy and disintegrate the anode. . voltage Letween the electrodes deczeases =+ts jncreasing current. To eliainave this 
C The luminous properties of an tre aze determined mainly by the { \ 
™ Fig.32 - Uia- 


gram of Simple texperature of the crater. The crater radiates akout 85% of the 


Table 25 
1- An . lusinous flux of the arc, the flase akout 5%, and the cathode about Cependence ot Luminous Intensity and Erightness of the Siaple Are 
- Anode; 
2- Cone of 10%. | 


om the Cerrent Valee (Bibl.9) 
\ 


anode; 3- Crater The anode, or positive electrode, is 20-40 = in diameter and 


4 - Flame arc; 


dy = 2) mm, 


d+ Cm 


5 - Incandescent has an operuting temperature of atout 4200°K. The cathode, or nega- 
6 oe tive aeetie: is 9-90 om in diameter and has = texperature of akout 
- Cothode . 


3100°K. An arc lamp can operate oa either DC or AC. If an arc a8 seed os 
we 8,60 
19,K0 11,00 
0,0 : 
16,000 


fed with CC, the positive carbon burns considerably faster then the negative carbor. 
When an arc is fed by AC, the carbons bum down uniformly and oc crater is formed 
in the anode, but the luminous flux obtained is amaller thaa with DC. 


Table 24 gives the distribution of the luwinous flux ia the electric arc zhea 
t \ ‘ 


ne, . 5 ‘ Apa peat ce —mate oar” 
wae es eener ent sremnrer cel NO Arte Vaal ah Gate eandarninaten esate Deiitdheana sbi 4 tb heb Bit onlD bb Lekrandir chil a Wiehe bee lable chien oan aeebiiitn! 
e e . . ’ ‘ : $ 5 
’ . 
! apd et 

















22, 0 
4 
fed with DC and AC. iW 
The anode and cathode of the simple arc are usually made of carboa or have 
. ‘ ‘ € Veape phencsenoa and stabilize the operation, aa additional resistaace is connected ia 
: wicks enclosed in « hard shell of carbon. The wicks are made of & mixture of lamp 
STAT 
73 
ee 
a = 
‘ %e 
pete erates mnie tees ree per Gees . vs ee ee ee se pee ee re ee Ae ee sees sess Slat eae Ni 
7 eas Correa ee we AURA ew Meester tm = mma acTeatimn, ere hs, =e aoneden 4 = 
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series with the circuit of the are, thus making the characteristic assuse an as- 
cending slope and causing the arc to kLurn stably. The additional (tallest) resistor 
absorbs from 30 to 50% of the power of the arc. 

The brightness of simple arcs reaches 18,020-20,000 st with DC feed and‘about 


-12,000 sb with AC feed. ne brightness of the arc is only slightlv dependeat on the 


. 


length of the erc and the value of che cur- 
rent. With increasing current only the luaa- 
nous area and lusinous intensity increase. 


Table 25 gives date showing the dependence 


of the luminous intensity (I) and the 





is Ge 06 8 8s a brightness (B) of the sizple arc on the 
o value of the current at vario3s diaccters of 
Fig. 33 - Radiation Spectrun of : 
Sisple Arc the positive carbon (d.) end of the azgative 


a) Zevelength,u; by Lumsnors 


carbon (D_). 
{lux in relative units 


As will ke seen from Takle 25, in the 


first pair of carbons, when the current 


increases, the lurinccs intensity increases 


deeper oe haw? 16 Oe eh ne hat otha F bn 0 ADR EELT Cte Pewee nen cenam Re apn otensarr tet SITS & serene 0 
ters at Ad Fe death sen Weert & 
Ree Ditebnot cota ae ¢ 


by a factor of about 3 times, while the brightness increases Ly a factor of less 
than 1.5; in the second pair, the luminous intensity increases 5.5 tixes, aad the 


brightness about 1.7 times; in the third pair, the luminous intensity increases 


Planes. cnet beat are io Od’ ne 


2.7 times, but the brightness hardly increases at all. The luminous efficiency of 


the arc iz about 12-14 lw/watt at as current density of 15-17 axp/ca*. 

The brightness temperature of the crater is Ty = 3800°K, and the true teapera- 
ture T, = 4000°K. 

At constant arc length, an increase in curreat from & to mp, and aa increase 
in current density in the positive carbca from 30 to 210 azp/cz?, causes no change 


in the brightness of the crater. In ordinary arcs, therefore, the current density 


we ht 9 We 8 eres piers ot Benguet 160! caters Adena 


does not exceed 30 amp/ca?. The Lrightoeas of the simple are increases only with 


: increasing pressure, since the vaporization temperature of carton increases with ia- 


Pen wt 


-ceasing pressure. 


The spectral distribution of radiation energy of simple arcs ia shown in Fig. 33. 


= tee 
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The radiation maxines is ia the region of 0.7-0.8 we Thus the ordiaary are is a good 


source of short-wave infrared rays. 


Section 32. The Hi gh-Intensity Arc 


The high-intensity arc differs from the sizple arc Ly an electrode arrangement 


whick allows the current density to ke increased, and consequestly iaproves the il- 


lomination characteristics of the arc. 


The positive electrode of a high intensity are censists of a hard compressed 


shell and a wick. The cick diameter is usaally 50-55% of the shell dciaxeter. The 


Shell, as a rule, contains wineral additives, and consists of cartonblack, coke, or 


graphite, and 1% boric acid. 


A shell xainly consisting of carton tlack, is used at low current densities, 


while « graphite skel! 18 used at high current densities. 


The wick of the positive electrode consists of a X-56% mixtare of rare-earth 
fluorides (for instance fluorides of cerius, sasarius, and lanthanom), cixed with 
carbon biack cr graphite, sith about $% toric acid added. 


The lusianus the az¢ cepencs om the ccoeposition of the shel! xzad 


the wick, and on the cethod of manufacturing the wick. 


Bicks for high-intensity arcs are cither tauped or inserted. A tamped wick is 
/ 


obtained tw ccapressing a liquid wick zass into a pre-fired shell. Ia this case 


liquid potassium silicate is used as a Linder. To ottaia an icserted wick, the sick 
mass is passed through a round opening under pressure of sose tens of ataospberes. 


Various nowders can te used as biasders im this case. 


The negative electrode, like that ia a sizple arc, has a wick. The cartons for 


a high-intensity arc have a corsiderably greater Lrightaess and lusinous ee 


thaa the cartons for a sieple are. The trightaess of the carbons of a siaphe are 


does not exceed 2,000 st shile that of tke cartcas ia a high iatensity are say 


reach 80,000 sb. The respective xaviaum values of che lariaous iateasity are 


22,500 candles for a siuple arc and 110,000 candles (almost § tines as great) for 


t 


tke high-iateasity are. Pt 








ee eee 
ane ee ee mn te nme ements eae pend EM Ut Thine Pee . > 
eee ee ens ee 7 


- ~ 9a) wae ee om 


* 





Declassified in Part - Sanitized Copy Approved for Release 


So: Oe een 
we 2a me - 
ee et ed 


@ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 


ee emt ea? 


em ee SOO 4, 


ae 


a> 


> 
wee ek 


aon 


on tees ore wee 


STAT 










Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 


ite 
1 
i 


= ree eee wees 
“ao ter, mre Pe se WBS 


— ee ee ctr at eevee eee re Bee aoe eee 





Figuce 34 schematically shows a high-intensity arc. As shown ‘in the diagraa, The curve 1 of the spectral enerzy distrikation of the high-intensity are, showa 


"the form of the flace and its direction are the sane 26 in the sisple arc, but a ia Fig.35, indicates thac this arc has no aarked advantages over the siaple cre 


The flane (curve 3) as far as the distritction of radiated energy in the infrared portion of 


bright gas cloud beginning at the crater is formed in front of Che anode. 


from the cathode forces this cloud toward the anode, concentrating the gases in the the spectrus is concerned. 


depression of the crater. The brightness of the anode cloud is pany tines as great This fact, as well as the necessity of using special devices for focusing and 


(-* : : . : as that of the flene near the cathode. rotating the positive carbun akout the axis, and the necessity of cooling systexs, 
The crater {cawed in the positive elec- 
trode, as a result of 1ts vaporization at 


high tezperatures (atout 5000°h) and as a 


result of ionic loebardment, is filled 





forming part of the ccapesitioa of the 





High-Intensity Arc wick of the positive carkoa. The nega- 
Fig.35 - Kadiation Spectra: 
l- Of high-intensity arc; 2- Of a Llack Lcdy at T = DECOR 
3- Of a sianle are 
a) Waveleneth,:; £) Fadiant flax in relative anits 


ft 
Solid wick 


tive ions formed near the crater, uader 


electric field, form & negatively charged layer which determines 


| 
| 


the action of the 


| 
. 
| 
| 
| 
| 
| 














t the Loundaries of the flame near the anode. cy 
The positive icas recombine with the electrons and negative ions emitted by the ~ wake the design of this arc lasp considerably rcre complicated. 
cathode; in this case energy is given off in the form of luminous flux. Thus, ia : High-intensity arcs are used in ordiasry long-:ange searchligkts. Suck arcs 
: iati i ial a i i i th 
contrast to the siaple arc, in the high-intensity arc the pure therwal radiatioa of woo produced im special arc lamps shose design was first developed ia 1874 Ly the 
; i i i V.N. Chi ‘ 
the crater is supplemented by the luminescent radiation of the cloud of :ncendescent fasous Passian electrical engineer Chikolev 
; The cirenit of the arc leap is givea ia Fig.3%. The electrowaget (5), ccoa- 
vapor of the rare-earth clements contaiaed in the positive electroce wick. Oving to a Pp c a Fig ea 
Bode -- mectcd in series with the feed circait of the electrodes, ensures Instaatancous 1g- 
this fact, the high-inteasity azc is brighter than the sivple arc. 
nition of the lamp. The electromagnet (7), connected ia parallel sith the feed 
ti ducts of the arc form a tongue of {lame between the elec- 
IS eprereen er circuit, as the negative electrode turms avay, antoestically triags it closer to 
i in the f£ { the so-calied “beard” is projected in the team of a ; 
on ge awenege : . the positive electrodes, thus regulating the distaace between the electrodes, aad, 
searchlight. 
consequently, the length of tke arc. The electrosagnet (6) serves to hold the 
iligh-antensity ares usually operate on DC, since their efficiency, shea oper- & 
. crater of the positive electrodes in the focal plane of the projector. 
( site tare perer: OF , Ia } a th te lgnit th tive electrode is trought iate 
= a laaps without avtopatic ignition, the ae elec : 
: The high-intensity arc has an ascending volt-ampere characteristic, shich sakes ; P sce ea ga 
contact with the positive electsode after whic» the electrodes are separated by tke 
che dae i0f a <ndgietonar -tenisuay Noneecre necessary length of the arc. Io lamps with automatic ignitior, wher the poser 
79 
ne 
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supply is turned on, the electcodes are brought int> contact Ly a spring attached to electrodes, having the form of « sphere and hesisphere of a dieceter of 1-6 um, de- 





a lever connected to the armature of the zlectronaynet (5). When the power supply is pending on the power of the lamp. The tulb of the lamp is filled with nitrogen or a 






turned on, a current flows through the mixture of helium and neon. When the voltage is turned 














Cg . winding of the electrozagnet (5), and the off, the electrodes are in contact; at the instant the 


ee wf ? 2 ; 
2 electroncgset attracts the armature, con- 
= ¢ 
+t . 
C, a nected over a lever with the shaft of a 


jiead screw sthich separates the carkons by 


a 
2 STARS e te meee re ete anaes = 


currest is supplied, a high current passes through a 
bimetal plate. The nlate. heated by the current, bends 
and separates the electrodes by the required distance. 


: . The brightness of point lasps of 1 kw powe2 is 
the distance necessary for arc formation. 


2500 sb, at a luminous intensity of up to 4000 candles. 


The electromagnet (7) periodicall ‘Erin s 
ceases inane ° The laxps ezy be fed by DC or AC. 





the carbons closer together, so that the j ; 
Tungsten arc lacps with an incandescent kody ia the 





arc does not go out shen they bura down. 
; a es ; form of a sphere have proved to Le inconvenieat in cper- 
Fig. 36 - Circuit Diagram of the Arc Lamp: 


j- Anode; 2- Cathode; 3- Additional elec- Section 33. Tungsten Arc Point Lexps 

trode of red copper; 4- Resistors; 

5, 6, T- Elactromagnet: &- Mctor actu- The tungsten arc lamp, because of 
ating arc la=p 


ation, and this led to the necessity of developing an 


4 
1 


izproved design of the tuke with a conical incandescent 


Fig..399 - Layout of Con- kody (Bibl.10). 

bination Laap: 

l- Tangsten spiral; 

| 2- Mercury lasp; jectioa is cocpletely fillcd by che luminous filazente. 
3- Bulb 






the saa!l size of the arc dizcharge. is 






With aa incandescent body of such form, its pro- 





called a point lamp. A characteristic pecvlisrity of lamps of this typ: is their 







high over-all brightness. Figure 37 gives an external view of the tungsten lamp. 





The brightness of such a lazp, of 100 watts power 








and 12 v voltage, is equal to 1160-1510 sb, while the area of the projection om a 






plane perpendicular to the axis of the cone is only 0.!1-0.158 ca?. The life of the 






laap is akout 270 hours. The lamns can be wade for various voltages from 5 to 





e 
40 volts, and in sizes of 30 to X00 watts. The incandescent budy is placed slong, ; 





oe 


or perpendicular to, the axis of the bulb. 






The principal advantages of this design of the poiat iacp are: its -reletively 







great brightness, its use of either CC or AC, aud the possibility of directly coa- 






necting it to the voltage source withont a sreeial connection circuit. 






Figure 39 scheeatically shows an external view of the voint lasp with a cosical 






incandescent body. 






Fig. 37 - Layout of Tungaten Arc Laap fig.38 - Layout of Peint Arc Lamp with 


Conical Incandescent Body The conbinatioa lamp developed Ly the Moscow electric lamp plant is a good 


source of near infrared rays (pibl.10a). The desiza of such a lamp is schematically ' 






The arc discharge originates at the instant of separation of the two tungsten 





shown ia Fig.39. It consists cf a cosbinatioa, in a single lulb, of an extreme- 
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‘pressure low-power mercury leap and a tungsten incandescent lamp. 


The tungsten spiral (1), shich is the priccipal source of radiation in the 
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: Fig. 40 - Spectrua of Combination Lasp 
as a) Wavelength,u; b) Intensity of radiation in relative 
: units 


- infrared region, in caunnected in series with the ercery Vere {2} and serves aa a 
~ ballast resistor. 
Figure 40 gives the curve of spectral energy distritution of the radiation of 


4 a\ jh the combination leap. As indicated by this curve, the 
laap has a continuous spectrums in the near infrared re- 


gion, with individual maxiea of high intensity. 


Section 34. The “lass Radiator 


In 1923, Professor A.A.Glagoleva-Arkad’yeva pro- 
pored a new and original source of ipfrared rays called 


the mass radiator. The mass radiator consists of a 





source radiating in the internediate region of the spec- 


Fig. 41 - Schematic Diagraw trum lying between the shortest radio waves and the long 


nhs of Mass Hadiator 


infrared raya. Its design and principle of operations 


are explained in Fig. 41} a 


The glass vessel A is filled with the so-called vibrational mass M, consisting 
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Fins . _— tee eines bcs sh is P 
of a mixture of metal filings and machiae oil. 
The continuously rotating mixer 2 maintains uniformity of the aass. Pithia this 
mass, a sual! carbolite theel (K) rotates and entraian the mass, causing a visccus 
coating (PJ of metal filinga to fora on 
the surface of the wheel. 
vod Py seans of the conductor-discharges 
(P), a hizh voltage is opplied to the sur- 
face of the wheel across an inductor. The 
diachurges Letween the conductors pro- 
duce electric oscillations whose period 
Fig. 42 - Radiation Spectrum of Yass . . : 
Padi ator is decerzisced prizarily ty the size of 
a) Wavelength,u; Lb) Intensity of the filings. Fisure 42 gives the curve 
radiatics, % Seis 
of the radiation spectrum of the 
Glagoleva-Arkad’yeva xass radiator. 
Sectiog 35. Extrexe-Pressure Krypton-Nenon Leap 
my 


Extreme-pressare 2- and T3-watt kryptca-xenon leeps are of iaterest as ra- 
diators in the region of the near infrared. The 750-watt lazp is destged ia the 


* - form of a quartz tute 36 us ia diameter with two vertically arranged tungstea elec- 


trodes. The upper slectrode, which is tke cathode, is coated with aa oxide layer. 


- The ignition of the discharge of the lap is effected bw mezns of 2 third electrode, 
: Sot tangsten wire, placed perpendicular to the cetkode and anode. The lasp is filled 
with a mixture of krypton and xenon under i5-30 ata pressere. 

In the near infrared region, the lamp radiates a continuous spectra, approach-~ 
ing the radiation of a black bedy at a temperature of 32G0-5700°h, with iadividsal 
intensity lines in tke regions 0.76; 9.82; 0.84; 0.9 and ly. @ith increasing 

‘atooic weight of the gas, the radiatice maxiaus skifts toward the long-wave portioa. 
fy} ; A pulsatiag discharge is one of the forus of non-stationary gas discharge, re- 
seabling a spark discharge. When high-capacitance high-voltage capacitors are dis- 


charged isto @ ges-discharge tebe, an exceptionally great brightness, as high as 


83 
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60 * 10% sb, may be obteised, with the flash of the lamp persistent about 10° sec. 


‘ 
; 
One of the types of pulse lenps developed resembles the extreme-presenre krypton- | 






xenon lamp. The difference is only in the interelectrode distance and the bulb di- 






ameter. A lomp of another type is made in the form of a tube of refractory glass or 






quartz, with an inside diameter of 1,5 to 10 em. The ends of the tube are provided 






; ‘ i : ? : 2 i ‘ : * 
with cylindrical nickel electrodes, sonetines coated with a layer of barium or cesi- { 3 






um. The distance between the electrodes, according to the voltage, may Le as great CHAPTERS 


PHOTOELECTKIC CELLS WITH EXTHINSIC PHOTOELECTSIC EFFECT 


Section 34. Principal Tepes of Hadiant- nergy Indicators 


The conversion of radiant energy into other forzs 






as 1.5 m in high-power lamps. 






Pulse lamps are usually charged with 90% krypton and 10% xenon, but the lanpe 






may also be filled with helium and neon, thus shifting the radiation spect jm toward 






















of energy (electrical, eechan- 


me. . the longer wave porcion. ica), chemical, or therxai) is accorplished in various ways. 


The instrusents and 


oe In concluding this Chapter, we present a Table of the principal data of gas- devices servieg to convert radiant energy and to record its conversion into soae 


' discharge lamps (cf.Table 26). other form are called receptors or indicators of radiant energy. 


Indicators thaz directly transforms radiant energy isto electric energy, using 


tne photoelectric effect, are called photoelectronic indicators. This group of in- 
dicstors includes photocells, photcelectric cathodes of éelectron-opticel transducers, 


2 and electron aultipliers. 


Other indicators of radiant energy are thermocouples, tolometers, optico- 


"acoustic and pneumatic indicators, which transform the energy into heat, thus heat- 


ing a sensitive elewent. 


The conversion of radiant energy into chezical energy is detected ky photo- 


*. .graphic plates and luminous compositions, or luainophores, 
Indicators of radiant energy are diviced iato selective aad nonselective. Aa 
"indicator is called selective if its sensitivity depeads on the wavelength of the 
; " incident radiant flux. This group includes all photoelectric, chezical, and lumi- 


nescent indicators. Nonselective indicators have a constant sensitivity ia a defi- 


nite, relatively wide region of the spectrum of infrared rays. Keprascatatives of 
ag! the group of nonselective indicators are, for instance, thermocouples and boloueters. 


The technical types of photocells, in existence at present, use three forms of 






the photoelectric effect, extrinsic, intrinsic, and in the blocking layer. 
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The emission of electrous by substances under the sction cf radiant energy flax 


awe ee ee te ce 


Pras : * es Pa eee ee nee Re 
Section 37. The Concept of the Extrinsic Piotoelectric Effect 


incident on its surface is called the extrinsic photoclectric effect. Absorption of 


this additional energy causes the electrons to fly off the surface of the substance. 

‘The simplest device for producing the extrineic photoeffect consists of a retal 
plate (e.x%., silver) negatively charged (photoelectric cathode), and a metal anode. 
If a galvanometer is connected in the circuit, a current appears in the circuit when 
the cathode is illuminated, cauecd by the electrons escaping from the surface of the 
photocathode and impinging ca the node. 

Cetailed studies of the extrinsic photoeffect were first conducted in 18€8 by 
the prominent Russian physicist A.G.Stoletov, Professor at Voscow University, sho 
termed this phenomenon the actino-electric effect. He made a valuable contrikutioa 
to the study of the extrinsic photoeffect saa has the distinction of having dis- 
covered the fundapzental Laws in this field. 

Stoletoy discavered the fundazental law of the extrinsic photoeffect nemely, 
that the photocurrent is directly proportional to the radiant flux falling ca the 
photocell. He also established the unipolarity sad absence of inertia of the ex- 


trinsic photoeffect, az wel] as the dependence of the photocurrent on the applicd 


voltage and the s:lectrode spacing. , 
He established that, at a given pressure of the gas, the photocurrent has its 


maximum. This phenomenon of resonance of the photocurrent was denoted as ‘‘Stoletov 


effect”. 


The results of Stoletov’s numerous stucies of the extrinsic photoeffect formed 
the basis for all further research in this field. 

in 1899 the electrovic nature of the photoelectric current was dexonstrated, 
and in 1899-1900 it was established that the electrons escaping from the iliuminated 
surface of a me:al possess energies of a few electroa-volts, and that this energy de- 
pends on the frequency of the incident radiant flux, rather than on its inteasity. 


The great Soviet physicist, Acedeaician A.F. Joffe, made valuable studies oa the 


ee OS I? Wr EEE eS a Ow Se. 


LL cr ee ane omnes 
i TNT ne nn nnn am eee eee rae mee oes Meron sey fee ta pe cere woe 


@ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 


ed eee we 


Go. ; 


nature of the photoelectric current. P. 1. Lukirskiy and S.S.Prilezheyev, ‘sho first : 

i. developed the classical] nethod of quantitative verification of the fundaxeatal eque- 
tions cf the photoeffect, rendered great services in the stady of the extrinsic pho- 

toeffect, as have I. Ye.Tasm, P.\.Tixofeyev, N.S.khleknikov, and other Soviet 


physicists. 


Section 38. Structure of Solids 


The photoelectri« processes can Le cozpletely explained frow the poiat of vies 


of the quantus thesry. for this reason we give Lelow the principles of the Tenn tap 
theory of the structure of solids, necessary for underxtending the Lasic nature of 
photoelectric phenomena. 

All solids are divided into three groups, according te their photoelectric 


ploperties: 


Metals, with high electrical conductivity; 

Sesiconductois, with lower conductivities thas setals; 
a Insulators (dielectrics) whose conductivity is close to zere. 
. All solids consist of atoas or solecules. 


In a metal, the outer electrons of the atom, which are farthest from the as- 


--Cleus, are weakly Lound to rhe arclecs cad are able to cove fresly withia the metal, | 
- frow one atom to another. 


. the conductivity of tke metal. 


These electrons are called free aad are responsible for 


- 
Se 


The electrons bound to the oucleus (cleserc to the encleunx) casnot leave tka 


/ atom. These electrons have no influence on the conductivity of the metal, siace 


; they cannot be displaced, evea under tue actic= sf 2 powerful exterreal electric 
| * - sieta. 
i According to the quaatus theory, cenfirmed by experiment, the electrons of an 


_ 


atom cam exist only in a definite discrete set of stable states. The transition 


(oe from one stable state to another can take place only by a jump. At the instant of 


such a traasitioa, the atoms radiate or absorb energy of csrictly Zetersiaate fre- 


queacy. 
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“The electrons in the atom move at various distances from the nucleus and pocsess 


various *nergy levels (beginning with the level of miniaua energy), various values of 


the energy, and of the force of attraction to the aucleus. 


Each electron is in a 


“state, and possesses an energy, not inherent to any other electron of the particular 


atom. 


in them can electrons be found. 


The energy levels form what are called sets of allowed energy levels, and only 


The intermediate regiona betveen the zones, 1n which 





Fig. 43 - Schematic Diagram of Energy Levels of Electrons: 
a) In metals; h) In semiconductors; c) In xnsrlators; 

d) Energy; ¢) Free allowed level; f) Lower allozed level; 
g) Nucleus; h) Free zone; 1) Forbidden zone; j) Lower 
filled zone; k) Nucleus; 1) Upper free zone; m) Forkiddea 
zone; n) Lower filled zone; o) Nucleus 


there can be no electrons, according to the quantua theory, are called forbiddea 
zones. 
The properties of solids are primarily determined by the energy levels of their 
electrons. i 
The enecgy levels of electronz (Fig. 43) are usually preserted sraphically ia 
the form of a series of horizontal lines. The energy is plotted along the vertical, 
As will be acts. fron Fig. 43 a, the lewer forbidden zone of energy levels ia 
metals is filled with sy eeeonk: Above this is a free zone of allowed energy levels. 


The free (external) electrons may pass from a low energy level to a higher one ia 


the free zone, thus causing conductivity of metals. 


id 
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The schematic diagray for seni concuctors (Fig. 43 b) shows that the lower energy 
levels are likewise filled with elects, Lat, in contrast to the situation in a 
weta), the free zone is separated from the lower region of forbidden energy levels. 


The width of the forkidden zone varies in different semiconductors. To sake the 
transition from the lower filled zone to the upper free zone of allowed levels, the 
electron must cvercome a potential barrier, determined by the width of the forkiddea 
zone, To overcome this barrier, additiona] exergy must Le imparted te a” electron. 
The quantity of energy necessary for es electron to overcome the barrier and to pass 
into the upper free zone, detezarnes the degree of conductivity of a semiconductor. 


In insulators (Fig. 43 c), the lower filled zone end the urper free zone cre 


_ _, Separated Ly sv vide a forbidden zone that a transition of electrons ix made is- 


“possible, even with a considerable additional energy. 


For thia reason, the conduc- 


Livity of insulators is practically equal to zero. 


4° 


Thos the quantum theory successfully explains the phenomenor of conductivity ia 


As already pointed out, the transition of electrcns frow one level to az- 


solids. 


" other is accosnanied by radistion (or absorption) of energy, i.e., by the phenomenon 


~ of the photoelectric effect, or luminescence. 


24 


~ 
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- Section 359. Fundanental Laws of the Extrinsic Photoeffect 


to—e 


. ~ Proportionality of the Photocurrent to the Value of ths Incident Radiant Flux 


The first lav of the external photoeffect, discovered by A.G.Stoletov, es- 


‘gablishes that a direct relation exists between the number of photoelectrons N es- 


~~ caping from the surface of a metal and the radiant flux ¥; incideat on it: 


N= ki; (102) 


The photocurrent i ph arising in the photocell between the cathode a=4 the 


anode, iz di1ectly proportional to the incident radiant flux #: 


i (103) 


pr ct 


The proportionality factor ¢ serves as a measure for the sensitivity of the 


photocell surface aad is determined as the integral sensitivity of the photocell, 
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Fundamental Equation of Energy (Sirst Quantum Relation) : 
LS TT s ‘ % vt é Ve . (105) 
: i i sists of discrete - . = 
According to the quantum theory of light, a radiant flux consi 


: os ‘ S 
particles, or quanta, possessing & definite energy. The energy of a quadtun of ra 


A measurement of the velocities of photoelectrons uncer different conditions 
diant flux, or photea, falling on the surface of a metal, is absorted by one of the 


‘phareninn Raia 


h ‘vad pnfficient energy {res allowed one of the fundesental laws cf the photceffect to be establixhed: the veloci- 
electrons on the energy level. If the electron has receiyed rnifticies e 


whee we wee ee 
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i ing { tal do not depend on the incident radizat i 
the photon, it is able to overcome the potential barrier at the Loundary of the metal (} ties of photoelectrons escaping from a meta ! 
: : flux tut only om its frequency. i 
and escapes into the surrounding eedius. The escaping photoelectrons have different ; . Y sch . aesgeeae: 
i i trons ¥ an 
velocities, since, having been at different energy leveis and, consequently, at dif- a The relation Letween the velocity of the photoelec | 
° | es = different thickness é the incident flux of radiant energy ¥ was detersined on the kasis of the questum 
ferent distunces from the surface of the metal, they traterse = di j . se. Sea mees | 
i 7 f ton hy sre bh is the Plaac - 
‘of that metal and lose different quantities of energy when they strike a soleculc. 3 theory. ‘Shen an atom absorts the energy of a p | | 
a sti i zi Lu isradiation, not a stant), then the likerated photoelectron must expend part of its esergy to overcome | 
Let U be the minicum positive energy at which, prsor tu 2 * ore a e hehe | 
i - > th tential barrier at the Loundary of the getal, is order to cetach 2 
single electron can leave the surface of the metal. If, under the action of the ra e potentia | 
~~ i fl lect ith a charge of e leaves the ecial and impinges on some sur- that surface. This energy is called the wors function of the photoelectror 7, an | 
: iant flux, an electron wi _ 
i 7 3 ssed in electron-volts. Another part of the energy, hovever, is converted 
face with zero potential (for example, on a grounded plate), then the vork performed ; as eon wat , | 
seenw eh a aeoaww he sbsts } =e en —— = ¥* ; 
by it will be equal to Ue. If at the moment of leaving the surface, the photo- ints 7 kisetic energy ef this plotceiection Z « | 
lectron had the eneray W, then the residual energy of the photoelectroa oa the sur- 0 Accsrdisg to the law of conservation of energy | 
elec ’ As 
ace face of ero potential will Le equal to | ae ae? es: po | 
+2 Ww — Ue = i 
oe *. . 2 
= [ or 
ae At ¥ = Ue, a photoclectron will arrive at the surface of zero potential after = | 
: ; : < ae a aes (107) i 
3 "se has expended all its initial energy of flight Ue, which is converted into kiaetic i 7. Ve 7 - €?, | | 
a i | . 
— 2 s age 
Pen : mv . : tial rey allow- j so . 
*“-— energy of motion, equal to > Thos, in this caze, all the potential energy i slenlectaiel aap walen tare ince | | 
*" ing an electron to escape from the aetal, will be equal to its kinetic energy of mo- =" : | | 
Ty oe av 
tion, i.e., > hy = + ©, {108) 
2 Boe 2 ; j 
is nv? (104) - 4 aia iz re ‘ 
= “3 ue - Equation (108) is the fundaneatal equatioa of the extriusic photceffect aad 18 
- : i " 
T : ’ ci the first tum relatiea. 
where e and m * charge and mass of the photoelectron, respectively; somecizes called the first quas : . cy 
hotoel Ex - If all the erergy of the absorbed photon 13 expeaded ia overcoming the poteatia 
= velocity of the toelectroa. : | 
cee ; ” heprier, and the velocity of the cacapiag photcelectrons 18 equal to zero, thea 
Heace 
- eo, * bY, (109) i 
eeuere ‘: 
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‘where ¥_ is the limiting frequency at which the electrons will leave the surface of ” length. At increasing coefficient of absorption, the selective photoeffect takes 


ee vem o 


the metal at zero velocity. place: the photocurrent has a caxizom in the spectral Lead of skserption of Yight ky 
To the frequency ¥, corresponds the wavelength A,, which is callea :he long- ; the adsorbed atoes of the electropositive metal. 
wave, or red, boundary of the photoeffect. The tere ‘red boundary” is explained by ; The value and position of the selective maxizus depends on the thickness of the 
* the fact that, at longer wavelengths (in the direction of the red portion of tie > interzediate layer and of the layer of electropositive acta], as wel] as on the 
spectrum), no photoelsectronic emission cakes place, : z valence of the setal. 


From eq.(109) we obtain The wavelength of the selective naxinum zay Le deternined tw the expirical 


foreula 


~ where c ™ speed of light; 


A, * long-wave (red) koundary of photoeffect. 


ee EE aE OF tO RRR ete ee OF 6 OD, an 0: OD Crete nen Here 


zs = . t = . 
fienee there r ® zadius of electroa, » * zass of electroa. 


The calculation results obtained frow 2q.(112) differ little from tke experi- 


(111) sental data. 


It follows from eq.(11i) that, at decreasing work function, the long-wave The Quantum Fouivelest 


_ boundary shifts toward the red and infrared portions of the spectrum. At decreasing The unater of electrons per unit of absorked radiant energy iacrenses Ly the law 


wavelength, the energy of the photon hv increases, and, consequently, so does the * @t the quantua equivalent (the second quantum relation), according to which ome ab- 


5 
i 
| 


"yield of photoelectrons (photoelectric emission), bre raly up to a certain limit, _ sorbed photon of radiant energy must literate one photcelectroa. 


~™! 


~ after which tiie emission drops off again. Thi: i: explained by the fact that, at As have sac laberating § photeclectroces Garning a ote Vitek hE Ges 


ome 


. increasing frequency ¥, the number of photons of the radiant flux mth aa cacrgy ¥ Pe Sndreg Wei th a: tecqucn Sy ol Wp incident dw the durtaceot the piswelcccn eS 


““ cathode, is absorbed. 


ferme mee ee ene 


— 


w 
~ equal to p> decreases and, consequently, the photocurrent also decreases. To reduce 


the work function, the absorption may be increased by depositing a monomolecular 


© oe ree 


; | ; ; 
~ layer of atoms of an electropositive metal oa the surface of the principal metal. Ie Thee rhe anater of phetmebectross leavisp. the eatvedeios: abserpeios pf this es 


- this case, between the principal metal and the surface laye: of adsorked atoms 2a Sey wii devegeah- ce 


intermeuiate layer is formed, usually iz: the form of an oxide of the principel metal. 


By varying the absorption, a different work function may be obtained so that the 


long-wave hcw.dary may be modified. At saall values of the coefficient of adsorp- ' where h = Planch’s constaat. 


tion, which are characteristic of a pure metal, there exists the zo-called normal If each of the N absorbed photona liberates one photoelectron, thea 


photoeffect, in which the sensitivity increases eaclusively with decreasing wave- é 
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Section 40. Long-Bave Boundary aaa Pork Fanction 


p 
+ 
é ' 
a I AI. No NARI CEREY? 


(114) - 


Ii the wavelength of a luminons flux incident on the surface of a photoelectric 


It follows from eq.(114) that the number of photoelectrons lilerated cannot be cathode 18 beyond the limite of the long-wave (red) houndary, thea the energy of the 


em Re te renter Eee Ee veteend OMe 


ee ewe “Light quanta becomes insufficient to enable the photoelectrons to leave the surface 
hy 
g of the cetal, This value of the energy deteraines the threshold of the photoef fect. 
Table 27 
The work function for various metals is different. Je depends on the position 
Energy of Photons (Cuanta) and Quantum Equivalent 


Bee Gist Earlene of the acetal ia the periodic system of the elenents. The electron theory of aetals 


ergs | volts | Nmber of 
electrons/erg pure metals on the basis of the quantative relation tetseen the atomic weight #, the 


Wavelength, 
N 


‘pereits aa approximate determination of the las goversicg the sork function *, is 


0.6 3.31 = 10°}? . 3.02 x yo! atomic number of the element Z, and the densi.cy of the sabstaace D: 
2.65 x 10°12 3.78 < 201 2 

1.0 1.99 < 10°12 : 5.04 x 10!! 

1.5 1.32 x 19°!2 7.56 = 10! ; - 

2.0 0.99 x 19712 10.08 x 30! ae 7 C(f-) 


— 


I 
2 


If only a part n of the absorbed photons liberate photoelectrons, theg where C = factor of proportionality. 


| 


: Table 28 gives the long-wave Lourdaries and valnes of the work function of the 
N= nN, ‘ (115) () 


electrona for the most ixportaat pure metals. 


The photocurrent per unit energy absorbed is determined by the relstioa 2 The alkali and alkaline earth metals, particularly cesium, have the saallest 


' work functions while combinations of cesiua with cesium oxide have the smallest work 


— function of all, acoumtiag to about 1.(-0.7 v. This is the reason why a cesive sur- 


- “face ia selected as the surface layer of photocathodes sensitive to both visible aad 


(116) 


where d * electrode spacing of the photocel); ae 
es : “—imvrared rays. Photocathodes of this type are used ia so-called cesium photocells. 
ae x * distauce traveled by the photoelectroas. ; ao 


Table 27 sives the values of the energy of photons (quanta) and of the quantum Section 41. The Contact Potential Di fferen 


nae equivalent, for a few wavelengths. If eies grauaded wustcecy uatine-e as tisccae Gee eae Spat ease 
+ 3 ivalent, in th 1 fora, ch terizes the ia- = ‘ car 
: The law of tne quantum equivalent, in the general form, charactera e ) sie chad Wi Pudiaae fled: to Aiseeced cate Chea. hew Ake sh eiehid: ceniatees lt se 
| + tensity of the photoef fect. 


ois On the basis of the law of the quantum equivaleat, the quantum yield may be 


~ surface with the saaller work functioa will be concentrated on the surface with the 

, ~ higher work fanctiog. 

~. calculated if the spectral sensitivity of the photocell in absolute units is knowa. Ae a teault, the latter surface will be negatively charged sith te th 
e a ely ar wl respect tae 


forwer, and am electric field will fore ia the photocell] hetweea the sacde aad 
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cathode, possessing different work functions. The poteatial difference, formed ia 


this case on the surfaces, is called the contact potential difference and is equal 


Teble 28° 


Long-¥ave Roundaries and Work Functions of Electrons of Pure Metal« 


ese ee D ee Veiaate eat Oe ED OS TS } 
unt 


Lithiue 
Sodius 
Potassium 
Rubidius 
Cesium 
Copper 
Silver 
Gold 
Pervllius 
Momesiua 
Calcium 
Strontium 


3.£8-3.34 
4.85 
4.31-3.52 
4. 14-3. 48 
3.78 
4.15-4.92 
5.23 

4.02 
4.44-3.74 
3.74 
4.33-4.25 
5. 26-4.52 
4.62-5.61 
3.76 

4.97 
4.71-3.92 
4.25-3.92 
5.01-3.68 
4.92 
4.97-4.31 
6.67%-4.4 


2. 42-2. 28 
2.11-2.05 
2.01-1.74 
1.52 
1.96-1.87 
4.63-4.07 
4.78-4.61 
4.9 -4.74 
3.17-3.3 
3.74-2.74 
3.2 -2.42 
2. 24 

2. 2B-1.9 
4.08-3.57 
4.05-3.75 
4.75-4. $2 
4. 14-2.81 
4.2 -4.12 
3. 68-3. 43 
3.95 
3.64-3.73 


278-320 
330 
258-297 
230-2735 
220-267 
328 
248 


to the difference between the vork functions teken with reverse signa: 


U 


S (118) 


a ~ (Ge — %) 


The eaximum potential entering into eq.(107} is equal to the negative anode 


tf, 


potential only where the work functions of the anode and cathode are equal. 


a! 


i, C _ however, they are not equal, then the quaatity eu, is added. 


The measured maximum potential is thus 


at hy = 
pres Pay 


e e ped 


= e+ ea ts% 
e. e ” % Ae A 


See EO reer eres OS ‘ 38 
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This equation shows thet ‘the quantity Us depends oa the frequency ¥ and the 


work function of the anode 9,, Lut does not depend on the work function of the. 


cathode Fee : 


Section 42. The Focal Photoelectric kaission 


at. 
cuc 


If a radiant flux exitted Ly a Lody st a texperature T strikes sarface of a 


photocathode, the cotal photcelectric emission can be detersined from the equations 


constant of photoelectronsic emission; 
Eoltzsan constant, eaval to 1,372 * 19716 erg-deg; 


an exponeat (about 2); 


the charge of the electrons; 


e = the base of natural logarithas, equal ta 2.718282. 
Bia ee 


Cenoting x - 


ky the letter b, we obtain the formula 


b 


iy Ayre * (122) 


Froe this formuia, the work f{xaction of photcelectronic emission caa te de- 


- terwined if the value of the emission curreat has heen measured. 


Section 43. The Extrinsic Photoeffect in Coroloz Photocathsdes 


eT 


A wetal plate or layer of pure retal on a glass base, with the surface of the 


_ wetel oxidized and a layer of adsorted atows of aa electrically positive wetal oa 


s that surface, is called a congink photocathode. 


~ Ta their slectrical properties, coated photocathodes Lelong io ths pce of 
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semiconductors, since they have a negative texperature coefficient of resistance Section 44. Types of Emiasive Photocells - 


(i.e., their resistance decveases with increasing temperature). es Depending on the filliag of the tube ‘and the design of the electrodes; emissive 


The electrons of the lower filled zone (cf. Fig. 43,b) play the principal role ia photocellé- can be divided into several grcups. According to the filling of the txhe, 


the formation of photoelectrons (photoclectronic emission). This follows from the 


— 


fact that photoclectrons are formed when an electron aksorts the energy of a photon Teble 29 


(- of a radjant flux, and therefore the xaxisu= effect sheuid b+ given Ly a zone where ae Long-UBave Boundary and Spectral Maxima of Coated 
the greatest number of electrons is concentreted, i.c., the lower clectron-filled i Oxygen-Cesium Paotocathodes 
zone. 
In addition, the atoms of an alkali metal adsorbed on the surface of the photo- 


a cathode participate in the formation of the photcelectronic emission. CAg]) - 0, Co 


a In emissive photocells designed for operating in the infrared region of the | Ag] ~G,0-Cs 
5 


ile] -Ca,0, Ca—Cs 


spectrum, coeted oxygen-cesium photocathodes are used, which consist mainly of three Che] 
-—Cs,0, Cs, &~Cs 


_ Components: a metal base (substratum) of silver, an interzecdiate layer of cesiua 


_’ oxide, and = thin layer of atozs of the alkali xetal cesium. 


~ 


_ they say be divided’ into two groups: vacuum and gas-filled. In the tube cf photo- 


— Such photocathodea, with the chesical forsuls fAzi ~ CG, Cz or, with a chicker | ceiis of the forser group, a high vacaum of i077 am Hg is created. The tutes of 


- intermediate layer, [Ag] - Cs,0 — Cs, have 2 long-wave boundary between 0.8 and 1. lu photocells cf the second group are filled with an inert gas. 


c 


~- | and a wzximum sensitivity around 0.62 u, i.e., they possess seasitivity to the short- os In the design and arrangements of the electrodes, koth groups are divided into 


~—- ti ~ 2 7 
_ wave portion of the infrared spectrua. photocells with a central anode, vith a central cathode, with parcllel or with sya- 


At present, more sensitive ox; gen-cesium cathodes are being koilt, in which the 


. metric electrodes. 


' > intermediate layer consists of cesium oxde (Cs,0) with atoms of cesium and silver 


Of all emissive pintecells, only thuse with coated oxygen-cesius photocathode 


disseminated in it. The structure cf such pPhotocathodes may be representec by the ee are indicators of infrared rays. Ye will. therefore, consider oaly these cells ia 


.._formulas [Ag] — Cs,0, Cs - Cs and {Ag] - Cs,0, Cs, Ag — Ce. 


— 


“= the followiag. ; 


—_— 


Table 29 gives the values of the long-wave boundary A, and the spectral maxi- "a 


_ 7 pus Rees: for different oxygea-cesium pio tecathodes: -Section 45. Principal Characteristics of Erissive Photocells 


i 
The possibility of constructing photocathodes froe alloys rust be pointed cut. 2. taissive photoceils have the following priscipal characteristics: 


It has been found that photocathodes of higa photoelectric sensitivity can be made . Integral sensitivity, represesting the ratio of the photoelectric curreat ia 


1 : 
from alloys of cesium with a metal of very low conductivity (for instance, Sb, Bi . — the circuit of the photocell] to the power of the radiant energy incident on the 


_ ~ phonocathode, at a definite radiator temperature. ', \ 


rere? (sap/u). For the visible part of 


only the integral sensitivity, : eee micro € 
_ the spectrum, integral seasitirxity is usuelly expressed rc (vw enp/ls). 


C Pb, Tl). Such photocathodes have a peculiar property: The metal of the base has ao 


influence on their spectral Sensitivity and modifies aa Integral sensitivity is expressed in 


- one 
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Spectral sensitivity, determining the dependence of integral sensitivity, ex- 


core ere om 


pressed in absolute or relative units, on the warelength (frequency) of the incident 
radiation. The graph of spectral sensitivity is called the spectral characteristic 


of the photocathode. 


Luminous characteristic, showing the dependence of the phctocurrent on the iz- | 
¢ cident rudiant (luminous) flux at constant applied voltage. 
t 


Volt-ampere characteristic, showing the dependence of the photocurrent. oa the 
applied voltage. . 
Dynamic (or frequency) characteristic, determining the dependence of the vari- 


ation in photocurrent or in sensitivity on the sodulation frequency of the incident 


radiant flux. 


Sluggishness or inertia, characterizing the tine after which the photocurrent 


° — 


- reaches ita maxieua value, measured from the beginning of irradiation of the photo- 


> -- cathode surface by a constant radiant flux. 


Se Threshold sensitivity, or energetic threshold, determining the ninixum value of 


the power radiated in watts, which can be registered by the photocell. 


( ~ Section 46. The Integral Sensitivity of Photocells 


“ The integral sensitivity is due to the distribution of energy in the spectrom 


: oot the radiation source, since a radiant flux from sources st different terperaturcs 
} = produces a photocerrect of different value. 

Pe Quentitatively, the integral sensitivity is expressed 23 the area bounded by 
io the curve obtsined on multiplying the values of the spectral sensitivity of 2 photo- 
.s cell by the value of che energy fe> the spectrum of the radiation source. 


In this way, to determine the integral sensitivity of a photocell when ir- 


” padiated by a source of non-monochromatic radiation, it is necessary to constsuct 


4 


the spectral sensitivity curve of the photocell expressed in absolute units, ang the 


curve of enerev di atribution of the radiatiop source at a definite temperature, like- 


C . 
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s 
wet ws : 
i ip 7 NS SL(A,TIdA (123) 3 
ms e i 

i 
N ee “ 
viere 1 *—— is the proportionality facter characterizing the electric properties of + 


- 
a 
a 


ene 88 


the photocell; (N, = nunber of electrons exitted by cathode; N, * nusber 


- 
2x8 x 
=m, of electrons reachiag the anode); ; 
S), is the spectral sensitivity ia anp/watt; ‘ 
f(4,T) is the spectral energy distribution of the givea radiator. : 
t 
. Since the quantities S) and n are strictly constant for a gives photocell, they § 
may Le coebined into a single paraseter ©), which is called the spectral efficieacy t 
3 
of a photecell: 4 
: $ 
-- $ 
= - a 
32.. inn 7 J 9, £0,T) 4d (124) - 3 
° 4 
~ j 
If the value of the photocurrent is related to the unit of incideat energy, tke 3 
tr lumen, then the integral sensitivity may be expressed by the: formala 
a 


4 


J eyfQ, Tad 


(125) 


_— es 


J ky fQ.T)dr 
e 


Zi = 


to 
a 


* — where : = 670 is the Juminous equivalent of the radiant flux; 


Mi 
K, is the spectral visibility facter; 

The nomerator im e3.(125) is usually expressed ia waits of curreat, for ia- 

stance im microamperts (1 amp) or in amperes (amp), while the denominator is ex- 


pressed in units of radiant rlux, usualiy ia watts (w). 


Since it is difficelt to determine the value of 9), the sispler forsela 
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: “js usually used for calculating the. integral sensitivity. Se Ege te - energy distrilution of the radiator. as 
Where Inn * maxiswm photocurrent; for a vacuva photocell, the satcration current; The determination of the spectral sensitivity in absolute units involves great 
# © incident radiant flux in watts; ' difficulty, since up to now there is no satisfactory watheawiical formula for cal- 
E = illumination in w/cm?;  , . _ culating it. The spectral characteristic is therefore usually constructed in rela- 
S * illuminated area of photocclls in wn?; ” tive units. In this case, the greatest of the maxiaa is conventionally taken as 
<; el r “ distance from radiation Ssacee to phetocell in a; _ 100%. 
. I, * luminous intensity of source in «/ster, A cesium photocell has its maxicum spectral scasitivity at 0.78 u, while the 


‘The values of the integral sensitivity of a fer photocelis produced in USSKH are 


3a 
uw 


given in Table 30. The letters TsV denote oxygen-cesium vacuum photccclls; the 


ee 
° 


letters TsG, gas-filled photocells. 





Table 30 
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z 
er 
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%) CoE 


Integral Sensitivity of a Few Photocells 






Useful Lite, 
Hours 





Integral Sensitivity, 
ib wp/le 
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a is aa ii 

a) , 

es Fig. 44 - Spectral Sensitivity of a Cesium Photocell with Coated Cathode 
_ a) Wavelergth,¢, Lb) Photocurreat in relative units 


Kicks tna 


2 


. 
a mi aici ene pec a, 
. %% ey 
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2 red boundary of its spectral characteristic in the infrared region :un3 up to 1.2 ». 


Figure 44 gives the spectral sensitivity curve of a cesinm photocell with 


s The data of Table 30 show that the integral sensitivity of vacuum photocells is "~ coated cathode. As will be secn from the diagram, the spectral characteriatic of a 


ts considerably less thas that of gas-filled photocells. — coated cesium photocathode has several -axima, which is explained hy the com lex 


The integral sensitivity of gas-filled cells is increased by filling the tube chemical structure of the photocathode. The uniformity of the coating layer and the 


. ° 2 ° A € i ie - * < « 
with an inert gas, chich leads to an increase of the photocurrent, ORE: SORE IOEY - thickness of the intermediate layer ere very important for the characteristic. Whea 


‘ zation of the gas by the photoelectrons moving from the photocathode to the anode. the thickness of the intersediate layer iacreases, the steepness of the maxinun 


rises, but this leads to the phenomenon of piotocathode “ fatigue”, which wi)l be 


_ Section 47. Spectral Characteristic of Photocesln 





we 


a ’ considered below. 
ch teristic i important for proper selection of a photo- we 
( . The spectral characteristic 13 very Imp peor ‘ The cesiua photocell, as will be seea from the diagram, is rather scnsitive to 
i : ffi of a system photocell-radiator is ob- we 
cell | ang ai radiator. The mesieum-ofticsency ? : redistionsa of wavelengths up to usout 0.9 u, but its seasitivity drops sharply as. 
tained when the spectral sensitivity of the photocell corresponds to the spectral 
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the wavelength increases further. 
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Section 48. Gas Anpli fication 


The gas axpli fication factor depesds on the desi ga of the photocell, the hind | | 
5 


of gas, und ita pressure. 


a gas-filled photocell is accomplished by the ionizatica of a small amount of inert The gas charging the photocell must aot interact with the photosensitive layer 


gan introduced into the tube. The process of gas enplification in general outline, __ of the photocell nor with the glass of the tube. The ionization potential ‘of the 


a ; gas cust Le low, so as to facilitate ionization. The inert gases meet these re- 
C is as follows: 


o) 


: ‘ cuiremerts. 
When a radiant flux is incident on the surface of a gas-filled photocell, thes : u 


Photocells are nost often filled with argon, which is the cheapest gas aad 


O55 .255 
the liberated photoelectrons, on their path from the cathede to the anode, collide 


As pointed out above, the increase in integral sensitivity, or photocurrent, of | 
4 easily obtainable. 
: The pressure of the gas ia the pho- 
toce]] is about 9.2 ms Hg. When the gas 
pressure is decrzased, the collisioa 


probability between electrons and mole- 


cules diminishes, since the distances Le- 





tzeea thee increase. 





--— - - 


.- Fig. 45 - Relation of Photocurrent to Gas Pressure 
( a) Pressure, ra Hg; b) Photocurrent, Ub amp 


With increasing pressure, oa the 


Fig-46 - Leainous Characteristics of 
Vacuum Oxygen-Cesium Photocell at other haad, the electrons cay collide 
Various Voltages 
a) Lowinous flux, la; b) Photo- — 
= current, 4 asp: c) U = 200 volts ficient energy for ionization. 


with rolecules without imparting suf- 
with neutral gas colecules. Shen an electron collides with a molecule, it becomes 


ionized, i.e., a positive ion and an electron are forned. As a result, two elec- 


Figure 45 gives the curve of rela- 


J 


trons wil] move tovard the anode, while the positive ion will xove toward the ‘cou Actades pintocersent oad gas preaseres: Aba Ovessare el 0:2 an Ey the aes 


_ cathode. Successive collisions of electrons with the molecoles of the gas lead te 


- called “‘Stoletov naximom” iz obtained. Its position is cetermined by the leagth of 


an avalanche of electrozs, i-e., to an increase in total photocurrent. ‘The photo- the mean free path of the electron betweea tuo collisions, aad depeads ua the design 


- ef the photocell. 


current is also increased owing to bosbardsent of the photocathode surface by posi-, 
tive icas. This might increase tke photocurrent by a fector of Sto 7. Further ia- Gas eeplificaticn 2)so Ls its uafavorable properties: the linearity of the 


" erease leads to a rapid disintegration of the cathode. : | os luminous characteristics is destroyed and sluggishaess of the photocerreat remlts. 


te 


The ratio of the current intensity Toh (produced by the ionization) to the 


. Section 49. Leninous Characteristics of Photocells 


strength of. the prisary photocurrent I,, 18 called the amplification factor: 


ec I OM) os Lunirous Charecteristics cf Yacum Photocells 














ee gs = : (127) : 
st. - Xe ee Equetion (103) expresses the proportionality of photocurreat to the luainous 
- : fluw imcident om the surface, o: illusination. This linear relation is valid oaly 
STAT 
107 
s % 
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one 
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__oxygen-cesium cathode, obtained by N.S.Khlebnikoy and N.S.Zaytsev. 


> * irregular distribution of sensitivity alonz the surface of the photocell. 


oe 


Ne 


- likewise sonlinear. 


i woo 


au Voltages (Fig. 48),. show that, at is-reasing applicd voltage, 


. ‘proach to a state of independent gascous discharge with increasing voltage. 


to. 


= 


a 
2 ‘ [ONAN IN 
. b) § 
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we ee oe at, exe 
0 w..- -- - se 


for relatively. snall luminous fluxes. ae 


ce ee ee eee 


Figure 4 gives the luminous characteriatics of @ vacuum o«}fen-cesium photocell 


at various voltages. The curve shows that, at an insignificant luminous flux, the 


oH - a: Oa : linear relaticn i = £(F) holds strictly, 


regardless of tha voltage. 


ith 3 i i flux the 
0 ssp cst cate oe A ae With increasing luminous 


*) 100 linear relation is disturbed cue to the 
Fig. 47 - Distribution of Sensi tivity 
of an Oxygen-Cesium Cathode along 
“3 its Surface 
= a) Distance along surface, mm; 
= b) Sensitivity 


formation of charges on the walls of the 
tube and the formation of a space charge, 
as well as due to the influence of 
“fatigue”. 


It must be Lorne in mind that a photocathode is not uniforaly sensitive at varie 


~ ous points of its surface. 


2! Figure 4, shows the curve of variation in sensitivity for various points of aa 


The curve shows 


+ 


= 1 
--Lyminous Characteristics of Gas-Filled Photocells 


In gas-filled photocells, the relation of photocurrent and lumisous flux is 


The luminous characteristics of a gas- filied photocell, taken at various 


the nonlinearity of the 


’ characteristica increases. This has to do with the increased ionization and the ap- 


At smal] luminous fluxes (up to 0.1 Im), the liaear dependence i * £(F} holds 


rather strictly for gas-filled photocells. 


1 


. ‘. Section 50. Volt-Anpere Characteristics of Photocells 


( 5 
we 


a HVE 
. Yolt-Ampere Characteristics of Yacuum Photocel!s 


: of any design the volt-sapere characteristic reaches 


8 em nhotncel ls 








0. 3 phage ees En Sct ee oe 
saturation at sone definite snode voltage. Figure 49 shows the volt-anpere charac- 


weer ee mtn om oe ee ee ee Sn ene oT ne 


teristics of an oxygen-c< zacuum photocel] at various lusinous fluxes. The 


J 


t 
‘ ‘ 
%y 
v 





0% G8 §2 


Fig. 48 - Luminous Characteristics of a Gas-Filled Photocell at 
_ Different Yo tages 
a. a) Leminous flux, luzea; b) Photocurrent, & aap; c) U = 90 volts 


__ carves show that the saturation current is reached at a plate voltage from 50 to 


. 100 volts. 


Ia photocells with a central cathode. saturation sets in at » low voltage, 
since al} elect.ons gastaly reach the surface of the anode, which surrounds the 
cathode. Ia photocells with a central anode, sat- 
uration is reached at a higher voltage (50-104 v), 
since the electrons lcave the surface of the 
cathode in all directions and therefore the elec- 
tric field wust be relatively powerful to direct 


the electrons toward the anode. 





Rith incressing luminous flux, the saturation 
: Fiz. 49 - Volt-Ampere Character- 
- istics of an Ocygen-Cesiun 

Vacuum Photocel! at Various 
ae Lasinous Fluxes 
~ a) Voltage, volts; b) Photo- 
curreat, 1 amp 


current, 222 the corresponding plate voltage c. 


responding to it, iacreazc. 


Volt-Aupere Characteristics of Gas-Filled Faote- 


cells 


2 In contrast to the volt-aspere characteristics of vacuum photocells, the volt- 


RENE Canines AD 
“_— 
we ’ 
' 
thu 


sapere characteristics of gas-filled pkotocells do not reach saturation (Fig. 50). 


193 
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‘The photocurrent increasez with increasing anode voltage. At a voltuge above 320 v, 





a transition of the nonindependent gaa diacharge to an independent takes place. The 
128 
7 $0 t--——s——— 
69 
4) 
"HH 
Oa as ep a ar: a ee eS 
‘ a) . @) 
Fig.50 - Volt-Ampere Characteristic Fig.51 - HRelation of Ignition Potential and 
ah of a Gas-Filled Photocell Tlluminatioa 
a) Voltage, v; b) Photocurrent, a) Illumination, lux; b) Ignition potential 
1b amp U;, volts 


’ ” Jatter is characterized by luminescence of the gas in the photocell, with the value 
of the current not depending on the luminous flux and being daterined only by the 
value cf the external resistance in the cir- 

cuit. The voltage at which the noninde- 
pendent discharge changes to an independent 
is called the ignition potential of iade- 

_ pendent discharge. The ignition potential 
deckcesks with increasing illumination (Fig- 
ure 5]) and wath the gas pressure (Fig-52). 

In the region of the ignition potential 


of the independent discharge, the operatioa 





i | of the photocell] is unstable, its sluggish- 


a “Oa At GF G8o)! 42 io 46 18 ness increases, and its ‘‘fatigue” grows. 
hig.52 - Helation of Ignition Potential The working point on the volt-smpere charac- 
to Gas Presaure 
a) Pressure, ma Hg; b) Ignition po- 
tential U;, velts 


teristic must therefore be selected around 
240-250 v; at this voltage, the photocell} 


will operate atably. 





0. 


Ae 8 tn ee wee 


Section 51. Fremiency Characterictiia and Slugsishness of Photosells 


ere etme 


The frequency characteristic permits judging the suitability of a photocell for 


operation with a modulated flux. 


Vacuum phetccells are inertialess in the range from audio frequencies to fre- 


quencies of the order of 2 = 103 cps. The region of frequencies at which sluggish- 


ness begins to appear depends on the velocities of the electrons in the inter- 


oan no ao at 
nro 
* soe 





Oe 
eds a) 


Fig.§3 + Fregqucncy Characteristic of an Oxygeia-Cesium Photo- 


JUD wus caw 


cell Filled with Argon at Various Voltages 


a) Frequency v, cps; b} Photocurrent, %; c) U = 60 volts 


~ electrode space, Since there is on gas in a vacuux photocell, the electrons travel 


*- to the anode without colliding with molecules. 


Their velocity is very high, and the 


transit time ia ebout 10°78 sec. Until the frequency of wodulation of the incidest 


t 


~ Light becomes comparable with the velocities of the electrons, a vacuus photocell 
+; _mty Le considered free of sluggishness. 

Gas-filled photecells, at’ working voltages below the jonization potential, are 
a. also inertialesa. Only when the voltage becomez higher than the ionization potea- 


tial dces the phenomenon of sluggishacss occur, due to the formation of positive 


_ ions. 


= The sluggiahness of a photocell can be determined by the fact that an instan- 


eyes 
__ frequencies, will not result in an instantancous rize of the photocurrent to its 

ce a 
normai‘value; alae, whea the cell is darkened the pnotocurrent does not drop ia- 


‘ teneous or intermittent irradiation of the photocell by a radivnt flux of certain 


stantly but only after a certain interval of time. 
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This delayed drop in hotocurrent is due to recombination, a process which takes 


- 9 


- ® certain time, In addition, when a photocell is irradiated, not only ions but also 


metastable atoms, which persist for a period of 
about 10°? sec, are formed. These atoms are able 
to ionize the admixtures of foreign gas, always 


present in the tube, whose 10nization potential is 


usually lower than the ionization potential of the 


We 


29 principal gas. This additional ionization also 
affects the tine of the current drop. 

Fig. 54 - Relation of Sluggishness 
of Gas-filled Photocells to the 
Applied Voltage and Type of Gas: 
.. l- Filled with neon; 2- Filled 
with helium; 3- Filled with argon for various values of the applied voltage. Az in- 
a) Applied voltage, volts; 
' _ b) Sluggishness d, % 

ae oe leads to a sharper downtrend of the curve, which 


Figure 53 shows the frequency characteristics 


of an oxygen-cesium photoceil tilled with argon, 


%S 


dicated by the diagram, an increase in voltage 


is explained by the increase in ionization, i.e., by the increase in the number of 


" positive ions. ! 


aire The sluggishness is defined as the ratic of the amplitude difference of the AC 


..77 Voltages Ay, and Ay, at the output of the photocell (or amplifier) when the fre- 


Pee 


~~quency varies within the limits from ¥, to ¥,, to the amplitude of the voltage Ay 


35... Min- Ay 

1~ 2 

: d * ————.. 100% (128) 
te! Avi 


; __Where ¥, * frequency at which the photocell is inertialess; 


¥, ™ frequency for which the sluggishnesa of the photocell is being determined. 


The value of d depends on the voltage applied to the photocell, and on the kia’ 


oe 


‘of gas filling the tube. 


Figure 54 gives curves showing this relation. The values of d are plotted ia 


Lalj 


- percent on the ordinate, and the applied voltage on the abscissa. Curves 1, 2, and 


i+ 3. are-constructed for photocel]s filled respectively with neon, helium, and argon. 


as 


i . For. argon the value of d ia greateat and ia, therefore, most often used for filling 
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Section 52. Photoelectric “Fatigue” of Photocelis Sree 


The reduction in sessitivity of = photocell (decrense ia photocurrent) on pro- 


_ 


longed irradiation of the photocathode, is called “fatigue” of a photocell. 


face of the photocathode, and consequantly also the value of the photocerrest, de- 


crease on prolonged irradiation. The same phenozerca is produced by Locbardsent of 


‘ the photocathode by the ions of the gas filling the photocell tube. 


ae Vacuum photocells are also subject to fatigue produced by the liberation of gas 
. _.ty the inside walls, the presence of residuai gases, and the infiltration of gas 

: _ through the leads. 

Se Photocells with solid cathodes of pure metal have relatizely low fatigue, but 


“their sensitivity is also low. Photocella with coated cathodes are highly suscep- 


t 
' 





a 
ee 
te 7 a) "aw as aS aa Qe am 
= tela @ 
_ a) a) 
~” Fig.55 - “Fatigue” of an Oxygen-Cesius Fig. 5% - Spectral Sensitivity of aa 
+ Photocell at Various Luminous Finxes Oxygea-Cesium Ph.tocell: 
— 4) Time, hours; b) Seasitivity, % l- Before fatigue; 2- After fatigue; 
en a) Wavelength, »; b) Sensitivity, % 


"ible to fatigue. 
Pe tgs 


Figure 55 gives curves showisg the decrease ia sensitivity of a vacuum oxygea- 


__ cesium photocell (fatigue) at various luminous fluxes. The greatest fatigue of 


“~ coated photocathodes is cansed by- short-wave rays, particularly ultraviolet rays,.. 


4 


‘* and the least, by infrared rays... 


—_ 


ili. 
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Fatigue is due to the fact that the number of adscrbed atoms forsed on the sur-- 
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. In tine; the apectral wenaitivity of photocells changes. For exemple, a com- 

~ parison of the spectral characteristic of an oxygen-cesium photocell (Fia#.56) before 
the onset of fatigue (Curve ]) with its same charace 
teristic after fatigue (Curve 2) shows that a particu- 
larly sharp drop in sensitivity takes olace ow trass- 
ition to the infrared region. This ia confirmed by 
the curves in Fig.57, which show that, after fatigue, 


the sensitivity to inizared rays decre&zcs con- 





siderably faster than the sensitivity to visible rays. 





Section 53. Sensitivity Threshold of Photocells 


~ 


For each photocell! there exists an upper limit 


* 
' 
_- 
~ 


Fig. 57 - Influence of Fetigue 
on Spectral Sensitivity 
a) Time, hours; b) Sensiti- 
vity, %; c) Visible rays; 
d) Infrared rays 


of illumination. If the illumination exceeds this 


limit, then the photocell operates unstably and its 


’ ‘1 
e J " I, 


life is considerably shortened. 6 


' 
I. 


Resides the uppe 


lisit of illumination, a 


” 


~" photocell also has a sensitivity threshold, which is determined priwarily by the 


— noise level in the photocell-power supply circuit. 


We know from stetistical physics that, even in the stationary state, & number 
t. of parexeters such #3 temperature, electric current, voltage and certain others, are 
= not strictly constant, but continuously fluctuate about their mean values. Sach 
fluctuations of the properties with respect to their mean values (fluctuations) pro- 


duce random voltages ( ‘“‘hum’) in the circuit of a photocell, restricving the lower 


“Limit of illumination. 


the sininwm illumination must be such that the resultaat 


-~ output voltage will exceed the noise level by not less than 1.5 to 2 times. 


—_ 


The electrical circuit of photocell-external load contains certain noise sources. 


Part of the electrons move toward the anode at random, rather than ia a lisear 


‘L7 manner. This accelerates the variation xa their number in unit time, causing fluc- 


om 


--- tuations in the anode current, which are also called noise. 


_—s 


The phenomenca of fluc- 


_ tuations in current, Lnown as abot effect, is one cf the noise sources. la sones 


~ of saturation current, the noise current i, of a photocel] due to the shot effect, 


ee ee ee meme 
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oy iz = 2e1Af 


(1295 


- where I = saturation current, ia sep; ~ 


_ 


7 Sf * eidth of amplification frequency band ia cycles; 
- e * charge of an electron. 
. It folless from this formula that the noise curreat at saturation current is 
= _ the same for equel frequency intervals, provided thet the fluctuation period is suail 
les 


**°"by comparison with the transit tiae of the electroasz. 
i 


wow Va eee 


7". coated cathodes and at high value of the photocurreat. 


_— 
oN. 


. - 


Thie effect is produced by flactuations in the photscurrent due to increased 


. . electror density. Jn vacuua photccells, with their low photocurrents, the flicker 


fe effect i 
= ~ source of noise is the external load in the photocell circuit. Asa 


~result of the chaotic thereal wotion of the electrons at the ends cf the resistor, 


_ ae alternating ciectromotive force (enf) arises. 


1 
>* 
- 


a3 Tuc voltage Of tOis Uicrmel weiss co thermal agitation is deterained by the 
"forsale 
roe o2 = 4xTRAT (130) 
“and the current of the thermal noise ty the fozmla 
4c. 
ape 4A 
i i} = 4kT ~ (131) 
bee where K = Boltzmann constaat; 
_- T = absolute teuperature; 
a Af = width of frequency band of the amplifier; 
2 i R = load resistaace. 
*t..-— ~The threshold of sensitivity is determined ty the leak current and the dark. 


: _curreat.. The leak curreat in ewissive photocells azounts to 10°!? aap, aad the dark 
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“current ‘s “shout 19°!S amp. Consequently, the sensitivity threshold is practically 
determined by the leak current (if it is not compensated). 
Figure 58 shows the characteristic curve of the relation between the amplitude 
of the noise voltage and tne applicd voltage for a gas-filled photocell..— - 
To evaluate the noise level, the voltage ob- 
tained at the amplifier cutput, oF the so-called 


diatortion voltage, is used. Thia should ke several 


6) | 
: times lower than the output voltage of the useful 
signal. 


30 06400 Gt 89 
@) 


100 Section 54. Voltage Sensitivity 


fie The potential difference U, generated across 
Fig. 58 - Helation between the 


Aaplitude of Noise Voltage 
and the Applied Voltage for 
a Gas-Filied Photocell 
a) Appiied voltage, V; 
b) Amplitude of noise 
voltage, ¥ 
© The sensitivity of a photocell to voltsge de- 


the external resistor connected in series with the 
photocel] on irradiating the photocell Ly unit ra- 
diant flux is called the voltage sensitivity © 
GJ 

Thus ¢ " +- 

+" a 
"pends on its integral sensitivity € and on the value of the externai load re- 
- sistance KH. The maximus voltage sensitivity iz obtained when the external resistaace 


‘equals the internal resistance of the irradiated photocell. 


The voltage drop across the load resistance Ris equal to 


U>i,R* e@R (132) 


since, according to eq.(103), the phctocurreat i ph = 24, 
By differentiating eq. (132) with respect to 4, we find the following formcla 


for the voltage sensitivity 
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Ocoee eee wpe ee ee ee ee wh tee ee ee 
a 
ot eu Re 
aou2s 7 x ig a ode a eer Sessnse £134) 
ak 1+ Re — 
_ de 
~~ where es E- i paf- . 
For a vacuum photecel] operating under saturation conditions, ve have 
dU 
O° a5 Re (135) 


P. 


- 


"Section 55. Current Sensitivity 


Current sensitivity 1s the zagnitude of the photocurrent produced on irradia- 


-'- tion of a photocell by unit nonochrosatic radiaat flux: 


The velne cf the photoourrsst depends on the rstas of the suaber of clecticas 
_Feachiag the anode (N,) to the nuxter of electrons leaving the cathode (N,). The 
“Shetocarreat is greatest when tke values of N, and MN, are equal; interaenthy: the 


_ current scasitivity rescbes its paxinua value under the conditiog that ail the ==: 


___ ergy of the radiant flax is absorked by the photocell and that all the photo- 


electrons leave the surface of the cathode. 


Py padd 


Section 36. Cesiea of Exissive Photocells 


Photecells with a ceatral cathode are used rarely, and only when a saturation 
” cerrent wast be obtained at low voltage. 
The desiga of a photocell with central cathede is schematically shown ia Fig- 


ore 59. The anode A consists of a eual) grid ccvcriag the icner glass v=ll of the 


ed 


tube. The ancde wast be transpareat asd sest pass the saxisus poszible amouat of 
The cathode KX has various shapes, most often that 
coated with a photoseasitive layer. 

tt. 2... A-photocell with ceatral asode has a cylindrical or spherical tabe (Fig, 60). 


layer applied to the ianer surface of the tube serves a8 the 
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v 

He aU de | * .- oradieae energy to the cathode. 
= = + 7; gy 

: -- of a metal plate or sphere, 

’ 3 — 

" _ For a gas-filled phetocell | 

oy 1 > A photostaaitive 
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ter 
. 
Fe wee ene on epee We MET WT ere PE ere J. % oo 1 Spee any . 


J - 
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wae emer ee 
tis a teiinia® Seren Sh a micas eh ce cane ema RRS AE SEO EE euuuene waresqeananamdum temctig | wamminioe amber rmersania Nenumatesinen a icie Santen anew Gane staruiny meron atiete toe minemmnrean @ tare me : 
hode K. The anode A hes the form of a rod (in cylindeical photocells), of & layer (the light-adsitting window). 
ere, or a loop (in spherical photocells). Anodes in the form of wires, 15: 8, oF A photocell with plane-parallel electrodes (Fig.61) has electrodes in the fora 
~ of flat plates arranged paralle) to cach other. A peculiarity of photocells of this ; 
_type is the uniforsity of the electric field Letween the electrodes. This produces 
4 _ favorable operating conditiens for the photocathode. ; (; 


A photocell with sysmetric electrodes (Fig.62) has electrodes of the sawe di- i 


mensions and photosensitivity. Under uniform arradiation of both electrodes, the 


resistence of the photoce)]] circuit decreases. The advantage of these photocells is 
+ their ebility to pass alternating current; all other photocells, when connected ia 


an AC circuit, pass current only in one direction. 








= ; 

59 - Photocell with Fig. 60 - Photocell with Fig.61 - Photocell with (3 

Central Cathode; Centre] Anode; Plane-Parallel Elec- mt ' z 

Anode; K- Cathode; A- Anode; k- Cathode; trodes; e i : 
‘Terminals of snodes Be Leads of anode and A- Anode; K- Cathode; 


and cathode cathode B- Lead-Qut Pins 


Cw 


ds of nickel or copper are also ofter used. This eliminates the influence of the 


1s 


a 


rges formed on the nonconducting part of the inoer surface of the tube. These q : 


1 
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: 5 
an 2 : ( 
Fig.62 - Photocell with Symactric Electrodes “ee : ~~ 
aie i 
- : 5 
§ 
rges are generated as a result of the fact that part of the photoelectrons fly : : 
& ° 
t the anode and settle uz the surface of the tube not covered by a photosensitive ae j 
ag een ae i STAT 
= { 
bas : 
? 
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a “(see Table 31). 
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ul 2 Semiconductors are substances having @ resiztence not less than 10°4 and not 


s! “more than 10!° ohns/cm3. 


In semiconductors, as already stated (cf. Fig. 43 b), the forbidden zone iz of -~ 


Fas szai] width, and when the energy of a 
1 of Zas $ ces? “he fe, | Pate 


Ae 4 ge A" photon is absorked, electrons may pass 
Z 
{Oe rom the lower filled zone to the upper 
ay Ph \ \ 
' 


= ) . \\ \\ " ¢) into the upper zone leaves kekind it a 
’ |s! 3 * 2 ! : 


= GE GCEPETIL G3 buen, vacant place, having a positive charge. 
*. “ vy fe ¢ 5 ngs 


CHAPTER VI 


free wne. An electron that has passed 
PHOTOCELLS WITH INTRINSIC PHOTOEFFECT 


(PHOTOHESI STANCE) 


_ 


Section 5ST. Intrinsic Photoeffect in Seniconductors s 4) Such a place is called“*a positive hole’. 
— Fig.63 - Relation of Soectral Sensitivity Its charge is nunerically equal to the 
~ of Certain Semiconductors and Frergy 
_ of the Cosnts charge of an electron. 

a) Wavelength, u; b) Sensitivity ia 

PCA SEINe ae ee ee passing into the upper sone there mnst 


The increase in electric conductivity of a substance under the action of ia- 


cident radiant energy at constant temperature is called the intrinsic photoeffect. 


be od 


Censequentiy, to each electron 
The intrinsic photoeffect is observed in dielectrics and seniconductors. Only ia 


ee ind 2 ss: 
Tabie 31 correspond a ‘‘positive hole” in the 


-~Jower zone. Thiz occurs im szciconductors only at high texperatures, when the 


Classification of Substances According to Electrical Properties 


— passage of electrons from zone to zone is facilitated. 


ms At room te=perature, the conductivity of sewiconductors is explained by the 


per on? Coefficient 


obns 


seer | Carrier of Electricity Tecperature 


__ presence of ixpurities, which disturbs the electric fields linking the atoma in the 


ze 
os 


- 
y 
| 
| 


~ crystalline structure of the seniconductor. The rreseace of ixpurities leads to the 


sh 


ietale 2 appearance in the forbidden zone of sllowed energy levels called *fazm levels” after 
Sexé conductors: 


electrolytes : 1 the Soviet scientist who investigated this phenomenon. {nm outline, the cechaniam of 
stals i = 


: _the intrineic photoeffect is az follows: On absorption of the energy of quanta of 
Dielectrics ~_a radiant flux by the atoss of a semicondactor, electrons are likerated from the 
‘ 


caathonducters doen this affect, becone s9 pronounced in the visible regioa, aad . __erystal lattice and, under the action of the applied voltagc, move in the cirection 


particularly in the infrared region, of the spectrum that it can be utilized for , of the electrode huving the positive potential. As sa cesult, a primary electronic 


= practical purposes. ' = Phekoenarest is produced. 


In their clectric propezties, semicoaductors are substances internediate be- en, The positive charges wove toward the electrode haviag the negative potential. 


ike cores — — 


tween metals and dielectrics. There is no sharp boundary between these three groups, " —The current produced by their sotioa is called secondary. Tne sharply iacreased 


but it is customary to classify thes according to the value of their resistences _ £ensitivity of semiconductors to infrared rays, by coeparisce with photocathodes | 
ut i ; 


& - 
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Ged ie 7 er 
: operating on the principle of she extrinsic photoeffect, is cxmleined by the fact 


—— oe etme e we wee ee ee wet te te 


that in semiconductors the energetic distance between a field and a {ree zone is 
swail, since ell the process takes place inside the substance. Naturally, a swaller 
vs | | | asount of energy is required to displace an elec-" 
4 tron from rone to zone then to overcoce the po- 
tential barrier and cause the electron to tly be- 
yond the surface, in the external photoeffect. 
OL al) semiconductors vith phowelectric ef- 
fect, the minerals sre of greatest interest, for 


exenple silver blende or argentite (Ag,S), lead 





blende or galeaa (PLS), molybdenum blendce or 
Fizg.64 - Schematic Process of 


solybdenite, Lisauth blende or kisauthinite (Bi5,), 
~ Internal Phovtoeffect 


ang inorganic compounds, for exaxple a mixture of 


_ thelliua sulfide and thaliun oxide, a selenius-tellurium alloy. 
Figure §3 shows the relation of the spectral sensitivity of certsin sosicca- 
~~ ductors to the energy of the quanta (er to the radiation wavelength}. Tke diagram 


-ghows that semiconductors possess high sensitivity to infrared xays of wavelengths 


; - up to $-6 u. 


_ Section 58. Currents of the Intrinsic Photoeffect 


= The photoel<ctric process in sexiconductors begins under the actica of a ra- 


diant flux which causes gener=tion of the prisary electronic photocurrent ips avising 


poo 


"as a result of the xotion of the electrons liberated Ly the quanta of the radiaat 
_ flux. 
The process taking place in the internal photoeffect is deaonstrated in Fig.64, 

: which stews a semiconductor C, placed between two electrodes A and K. The voltage 
on the electrodes is imposed by the battery B. The galvanoseter G serves to neasure 

~ the current arising on irradiation of the semiconductor. 
The absorption of the energy of the radiant flux by the crystal leads to the 
~ formatioo of pesitive cherges which are displaced, under the action of the applied 


field, toward the electrode K, by a distance x,, and to the formation of negative 


pO TOR OTE apg ELITES EON bp RE DET Oem acer, 


ae 


ne ee ee oe ome ome, 


Bt age ss” ao 


ne ye ok VAI STIG Demeester 4 ae gery, AT Pe 8 ATTN EPRI LIE SPRITES ESTE EE Merten ome eee ee 
oo oe nee oe are - 





— —~ ee ee awe em ee ee ee ee nanan te jcc se 


~ghatgers shich ase displaced tovard the electrode A by a distaace x;- On aotion of 


: the charges voward the stectrode A. a prisary cervent 18 produced, while on their 


wotion toward the electrode kh, a secondary current 18 generated. Qo the electrodes 


there arises the charge 
= Sy ~ xz) (135) 
shere d * electrode spacing; 


xX; " distance Ly which the negative charge 13 displaced; 


distance Ly which the positive charge is cisplaced; 


»* 
a 
6 


N = ounker of electrens liberated. 


If, in cnit tixe, N moving charges #22 forned, tbes the prixary photocarreat 


-¢ 
oa i. * al {xy + X) (137) 


ji nas Leen ound that the prixary photocurreat arises about 10°‘ sec after the 


_ beginning of irradiation, 1.¢€., ite sluggizhness is low. The prizary curreat 18 


~ strictly proportional to the radiant flex and, at iacreasiag applied voltage, ap- 


“proaches the saturation current as its linit. <A comparison of prizary pbotocarrest 


--jm the satazation region with the enerey of the absorbed radiatica shows that the 


>. Jaw of the quaatam equivalent is valid here: I= the region of saturation, each ab- 


> .- sorbed quantas of energy hy cvases the appearsace of one photoelectroa. 

Lae Ia addition to the prizary current there is also a secoodary currset who s€ 
~ patwre has sot beea established exactly. It is assuned to result frow tke dis- 
~_ turbaacs of tke crystalliae stractzre of the semiconductor Ly the passage of the 


, _ primary carreat, which reduces the resistaace of the sexiconductor. The magni tade 


~ of the secondary current is usually greater thea that of the prizary current, aad it 


_ has « greater inertaess. Not teing produced as a direct reselt of irradiation, this 


= "_ curzeat is mot proportioaal to the iaciduat radiaat flux, tet depends strongly ia 


~ magnityje on the applied voltage ane the teeperatare of the semiconductor. 


a es If the seni conductor élecese is , sxpplied with am exteraai voltage U, ‘thea, the 


— 
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liberation of electrons from their places causes a dark electronic current to flow 





__ from the distuzbed crystal structure, in the absence of irradiation: .. _. 











for formila 


s 


‘ . @ 
' oss ‘4 ™= 3 T U (133) 
f ‘where j * electric conductivity; 
q * surfece of electrodes; 
lL * electrode spacing. | 
Whea a semiconductor is irradiated, the conductivity G is increased, which may 
be deternined from the expression | 
a G = netv (139) | 
where e = charge <f the electron; 
= < = mean duration of excited state of an atoa; | 
~ vy = velocity of the electroa; 
i 
n * nucber of places ia disordered structure. 
The current increment Ai which aprsacs on irradiation is calculated Ly the 
| 
{ 








ae nety 


x2 age q * nety 
ot Ai ai 7 ¥ 2 U (140) 























: 
_— 








~ From eq.(140) the following conclusions may be drewa: 








= The durk current ig and the increment of photocurrent on irradiation otey 











oy Chm’ s Law; 
The photocurrent i38 proportional to the number of places with a disordered 











crystal structure; 























ae The photocurrent is inversely proportional to the square of the distance be- 
4 ae tween the electrodes. 
, The photocurrent iphe corresponding to the incident radicnat flux, is defined 








¢. < by the formula 
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" " ‘The principal portion of the current Ai ya formed by the secondary current, #0 


_ that the current Ai is not proporsional to the incideat radient flux. 


o 


ve 


The value of the photocurrent i ph is determined as a function of the incidest 


in” oye (142) 


where a = the proportionality fector; 


radiant flox by the formula 


¢ = radiant flux. 


It follows from eq.(142) that the photocurrent jncreaser proportionally to the 


square root of the radiant flux. 


In this case, eq-(141) and eq.(142) give the additional curreat 


bisige ae (143) 


The relation between the photocurrent and the tine of illumination is expressed 


by the forwwla 


ip 7 Si - agQ( - e7tt) (144) 
where k * an expirical coefficieat; 
t = tine from begioning of irradiation during which <he photocurreat reaches 
izs limiting value; 
e = base of natural logari thas. 


If a seniconductor is connected ia series with a battery and a measuring ia- 


strument, as ghova in Fig.64, then the photocerreat 
{ 


| iy 7 UG ¢ oe +) (145) 


- where U = voltage of the battery; 


= G3 * dark conductivity; 


—e 


a BV = increment of conductivity on irradiation; 









B = constank coeificieat. 
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: y may be determined as 


7 Using -eq- (143). the integral senaitivit 


ne - mw wee 





(145) 


The canductivity ancrement per unit flux, on irradiation, is 


C 


Equation (145) yields the integral sensitivity 


x 


_ eV) , (147) 
d? 


re di, UP (148) 


uB 
. a 2We 


If the lead resistance 4, coemensurable in value with the resistance of the 


> “photocell, is connected in the circuit of phe photocell, then € Ciminishes. 


— 


2 Section 59. Characteristics of PhotocelJs with Intrinsic Photos! fect 





The principai characteristics of photcceliz of this group, as for photocells 


~ extrinsic-photoeffect, are spectra characteristic, integral seasitivity, threshold 


> of sensitivity, frequency, volt-empere, lusinous characteristics, voitage sensiti- 


23— sity, and current seasitiviiy- There is, however, a differeucc ia the definition 


: Biting oooh baci is, eia ca 
2 _ of characteristice such es integral nens2t:%2t7 and sensitivity threabold. 
3— For photocells with intcinsic photoeffects, the integral sensitivity © caa be 


“ 
af . 


se _ 


defined as the decrease in the resistance of the semiconductor a. under the action 
:*_of irradiation by a definite radiant flux @ at a given radiator temperature, re- 


: lated to the resistance Ry of the acnirradiated semiconductor 


ee 
“% 
eT ee 


(149) 


Rn, - 2 
i c= + 1002/4 
_ Ra 

50 


Such am expression for the integral sensitivity is more accurate, since the 


; "" sensitivity there is defined as a quantity independent of the connection conditions. 


tae 


Tha-sensitivity can aiso be defined as the ratio of the amplitude of the alternating 


—. 


+ _ signal U, arising om the input resistor of the amplifier, to the value of the lumi- 
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- nous flax ¢ causing this signal. Ia this case, the sensitivity is expressed 1a volts 


_ per watt (v/m). -.. 


The threshold sensitivity characterizes the ainicus radiant flux which produces, 
_ in the photocell circuit, an clectric signal 2-3 tices grester ia value thus the 


signal due to the inherent noise of the photocell, caused by the discrete nature of 


—_ 


ti} 


electricity. 


The roise voltage nay te found from the expression 


Garner 


vhere kK * Boltzmann constent; 


(130) 


T = absulute texperature; 
evs R = resistance; 
Af = width of pass-tand of axplifier. 


The threshold sensitivity is less, the lower the noite level tescese 


= oe 


In addition, photocells with intrinsic photoeffects are characterized Ly the 

a tezperature dependence, indicating tke influence of the teaperatere on the photocell 
x  - 
“". characteristic. 


-_ Section 60. Types of Photoresistance Cells 


Paotocells with intrinsic photoeffect ace usually called ;Lotoresistors, siace 


2 eechis tere characterizes tbe Lasic process takiag place ia such cells, naszely the 


ti._wariatios ia resistance under the action of a radiant flax. All photoresistors are 


>. sensitive to infrared rays. Ai present, selenica, selenius-telluriaue, thalliuea- 


”_ sulfide, lead-sulfide, lead-selenide aad lead telluride mhetoresistors are used is 
. _technology. Let us consider/ the peculiarities and characteristics of each of these 


. ~ photoresistors. 


~ ~ Section 61. Selenizs Photoresistors 





The first model of a selenicm photoresistor was built is 1676. It comsieted 


of two wires, spirally wound oa sheet mice (Fig.55 a). To impart photoseasitivity. 


- te the seleaisa cell, molten selenica was poured oa the nica and vire, which vere 
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CoS area Jae desl See ae Sete seed Bee. Sr we) Sess 
"then heated for several hours at 200°C. 
Wire resistors with an unglezed porcelain core were built lester. The surface 
ef the core had a double screw thread on chich two platinua or iridiua wires were 
i | 
| 
> 
| 
a 
‘i a) b) . 
rs Fig.65 - Wire Photoresistors: 
a) Wound on sheet mica; b} With a porcelain core 
3 upirally wound (Fig.65,b). The spaces ketween the wires were coated with molten 
> ~ selenium. 
: a Photoresistors of the condenser type (Fig.55) were built later, with more suc- 
~ cess, using a design resembling that of conventional mica capacitors. Plates of 
Thong 
We 4 
Bes 


= Fig.66 - Condenser Photoresistor Fig.67 - Engraved Photoresistor 


ts 


t__metal foil, connected by a “‘corh” and covered with selenium, vere pressed on the 


+ surfaces of mica plates of such photoresistors. The drawbacks of such photore- 


.  sistors lie in their high capacitance and in the dependence of the pnotocurrent oa 


.” the modulation frequency of the incident irradiatioa. 


: The etched selenium pvotoresistor (Fig.67) is an improved design. The elec- 


_ 7 trodes (E, and E,) are prepared by precipitating a thin film of gold on a glass or 
2 


\ ‘ 
_* ‘graphite plate. The narrow strips of gold removed by a sharp tool, form a grid. 


des is filled with a thin layer of selenium. The ad- 
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‘i__sistance is not alvays useful. 


- Spectral Sensitivity. 
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7 The corb construction of selenium and other photoresistors (Fig.6a) is widely 


used. This design consists of the glass plate (1), on shich a gold grid has teen 


in the fore of interlinked ‘*combs” have Leen 
etched. The distance Letween the grooves is 
0.1 rm, and their length 10 cx. The depres- 
sions of the grooves are filled rith gold, 
grephite, or other conducting substance, 
covered with a layer of selenius about 2.5 * 


x 1073 cw ia thickness. 


Fig.6& - The Comb-Type Photo- 
- resistor: 

l- Glass plate; 2- Grid-lines 
4a photoresistors, the selenium surface is first 


The plate with the 


electrodes is inserted in a tube. In Luildiag 


This considerably increases the stability of cperation of the photoresistor®, while 


" the teaperature fluctuations are reduced. | 


--— 


_ The sensitivity of a photoresistor is expressed in percent [cf.eq.(142)), or ia 


~ apperes per watt of incident radiant flux. When the resistance veries from the dark 
36 


= 


~ resistance (Hg) equal to a few megohms, to the light resistance (K.) equal tn a 


fat 


*— fraction of a megohm, the sensitivity of the photoresistor varies by teas of perceat. 


The determination of sensitivity in terms of percentage fluctuation in re- 


It is incorrect to determine the sensitivity is 


'" pieroesperes per lesen, since the photoresistances react to a radiant flux over 2 


++ wade spectral range, and not merely to the luminous flux. For this reasoa, ia meas- 


« 


- _ uring sensitivity in absolute units, the sensitivity is expressed by the satio of 


the photocurrent strength (amp) to unit power of iacident radiant flux (watt). 


~— 


The distribution of the spectral sensitivity of a 


* Apparently the instability ia the operation of photoresistors is due to the 


_ 


: actaua of oxygen (both during manufactare cad during operation). For this 


----peazon, the forming of the selenium surface 12 vacuo and the filling of the- 


: bulb with an inert gas favor increased stability. 
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“"- over 100 lux (Curve a), there is a sharp maximum in the region } * 0.7 u and a weak 
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‘selenium phutoresistor is shown in Fig.69. The diegvae shows that, at low illumina- a , e illumination is expressed by the formula 
tion (Curve b), there are no pronounced maxims of sensitivity; at illusinatioas of cee pits ten tee SS . 
‘i CO argc Fer (152) 
: = ¢ é 
® ———— 7 ° . > Te eS 4 
wae RCO a F ] 2 h : : ° * * 
4 or a seleninn photoresistor, the exponent x in this formula is alout 0.5, ‘ 
( & = whence : 
oa 3 000 : : 
«ie Vie 1 1 “2 
; 7 @ soe 2-2. Vr (153) 3 
40 ‘ R, Ry ° 
3) Sy _ 
be 5d a | ) ~ j.e., the increase ia conductivity is proportional to the squsr2 root of the illusi- a 
= “ b) of nation or liminous flux. 
. * 
= u - The curve showa ia Fig.71] confines the relation expressed ty eq. (182). The dif- k 
= 0 = 7 ; a * 
ae as as a7 sas KO 1700 - ference between the light and dark conductivity 4G * ee cane is laid cff on the : 
“= a) a) e = ‘ R, hg i 
Fig.69 - Distribution of Spectral Fig.70 - Relation of Photocurzveat -'- ordinate and the illumination ia lux on the abscissa. 
. , ” Sensitivity of Selenium Photo- of Photoresistor end I]luminatica ae i 
" resistors a) liiuwssation, lux; §£) Total oe A 
a- At high illumination; b- At photocurreat, ¥ zp ae : 
-- low illuminatioa ; a: Zz 
( — a) Wavelength, u; 6) Photocurrent ‘ eT j 
ee jin relative units — 


maximum in the region A = 0.5-0.6 u. 


Luminous Characteristics. In photoresistors, only the prizary componeat of 


1.__ the photocurrent depends linearly on the illumination. When a secondary current 


ae 


tee ee reno 


ee tp need cand eve Geemeignd Se as 


- arises, this proportionality no longer applies. This is illustrated in Fig.70, is 


ae 
4 





—— 
a 


which the total photocurrent i is plotted as # function of the i)luminatioa E. 


fe 


Fig.7] - Helatioa of Conductivity of 
Photoresistor to Illusination 
a) Illumization, lux; b) Conducti- 
vity 3G, 1 19°8 


The total photocurrent is related to the illumination by the equation Fig.72 - Volt-Anpere Characteristic 


of Photoresistor: 
ig- Dark current: i,- Curreat under 
kllumisation 
a) Voltage, v; b) Photocurreat, anp 


fe. i = CE® (151) 


eS 


~~ where C * a constant; 


0 


2 
‘ 


x * an exponent depending on the properties of the photoresistor and the wave- 


-— 


length of the incident light. 


cr 


a. 


Volt-Azpere Characteristic. The photocurrent depends sot only oa the illemi- 
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The relation between the incrasent in conductivity (reduction of resistence) nea ait & gu aap STA 
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Oe : ies 2 a — Be Be, ag : pt sas Oe 
ve “istics for the dark current (ig) and the light current (i). Sra Pa eo | of a photoresistor is only 14 of the initial sensitivity eeasured at a frequeacy of 
4 The dependence of the dark resistance Ky and the light resistance R, on the ap- — 0 cps. eee oe 
‘plied voltage U is shown in Fig.73. , The frequency depeadence limits the applicatics of seleniun photocells ia the 
Frequency Characteristic. All photoresistors have inertia, weaning that the _ high-frequency region. : 
photocurrent, on illumination or darkening, does not change instantaneously but with | Tenperature Charactiristic of Conductivity. The velue of the resistance de- 
C 3 z pends on the tecperature, and this dependence differs in different types of photo- 
1 J 
| “ot 
| ol — ! 
; { ‘ 
{ @ oy n 
A °° xf $ > ! 
| 2) 2 24 I | 
. 7 wt ney ! 
ad Ts 9 By | i | | 
= tt } 
- ame s| ott 
os : “- : ‘ gy i 
a _- sf we A ie axe moa ! 
ce . Fig.75 - Frequency Characteristic of Fig.75 - Equavaient Cirecait 
i = Fin.22 - Relstics of che Mork Mesi stance Ry ent ire Light S-lesics Diszisresiawor of Photoresistor 
- Hesistance NM, tu the Applied Voltage a) Voculation frequency of radiant 
C - a) Voltage, v; b) Resistance, ohm * 1073 c} flux, cps; L) Sensitivity, % 
= certain lag. The tine necessary for the photocurrent to beach &salue equa) se resistors, Leing Jeterxined ty the state of the sexiccncactor layer. for sore types, 
Wie = = . 7 + 2 2 > aad 7 - 
95% of the maximus photocurrent is usually taken az a criterion for the sluggishness the dark and light conductivity decreases vatil the loe- eratare zone is reached, | 
; d i oto- oe - ivi 
The sluggishness at decreasing pho _ - while in other types the zaxizum of light and cark conenctimty occucs at 9°c. 
current differs from the sluggishaess at es The sensitivity of rhotovesistors rirea with decreasives tesreratare, fot is ; 
rising current; usually the time of rise this cese their frequeacy characteristic also teccacs less favorable. 
ie is shorter than the time of drop. a Voltage Sensitivity. Using the equivalest circuit (Fig.75) of the photo- 
ri 9 7 = + g ‘ 
. @ Figure 74 gives the sloggishsess - resistes r, connected ia series with the voltage source U and tke exteraal load R, 
—_ y G2 a a6 a a6 curve of a selenium photoresistor, ia- cf thas f ’ 
oxi a) — tke voltage senaitivity of :. photoresister cas Le deteruised. 
_ Fig.74 - Sluggishness of Selenium Photo- dicating that the tine of rise of the er 7 : 2 
+ cells The voltage drop across the extersal load is deterzined ly tke rorwula 
_— a) Time, sec; b) Photocurreat, % photocurrent, from the instant of illuai- eee. 
a~ __ c) Light; d) Darkness nation, wpounts to about 0.2 sec. ae ty ° ike ~ (154) 
a . —— . . . - yes ¢ 
a If a selenium photoresistor 13 1F- — . 
** . padi i dalated radiant flux, the sluggiahsess i Sih incressing- ~ Be eer Wee ate ee ete ose De gee . ie oS s 
= sates br e.morate fe be Sa eee cn Sree G ey er 7” ge By diffarertiating <q.(154) sith respect to r, ve cet 
~ modulation frequency {. The curve in Fig.75 shows that, at 3000 cps, the seasitivity = : STAT 
ec. * 
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We recal] that the variation in conductivity under illuninstion is proportional 


to the square root of the illumination. The total conductivity 


£ 


G=G6,+G, 


where Gy * dark conductivity; 


G, * conductivity under illumination. 


Since 


Q 
“ 
ie 


som 


~ it follows that 


eee Lea eye 


where fF = a constant; 


$= radiant flux. 


Hence 
r® 4 (155) 
- 1 + GB ¥é 
5 i By differentiating eq. (155), we get 
oe ~* 
Ae é 
ie. dr = wa es a¢ (156) 
2 2y a1 + G8 We)? 


Z WU, 
At B= x, the value of ae is mexiBue. 


Using eq. (255), we find the voltage fluctuation 


i ss a, va ee ¥* 
, 3 one ee 
( ewe dr 4G, 


On the basis of eq.(156), let us determine the voltage sensitivity. 
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6 og WR + Ge Was 


Ay ; 
shere ag is expressed in v/w. 7 aa 
=. s 
The curve shown in Fig.77 pives an idea as to the voltage sensitivity of a 
selenius photoresister at low radiant iloxes. 


The curves decline sharply at a lesi- 


nous flax atove 0.1 lusea. 


Section 42. Thallicsy Sulfite Photoresistors 


Ta 1917, thallice sulfide photoresistors 
were developed. These consisted of a cos- 


pound of thallium and sulfur, ples oxvsea. 





oe t Such photoresistors, vhich sere given the 
nase “‘thallofides”, possessed high sensiii- 
7 vitvy to infrared rays. The teckaigue of their 
Fig.it - woltage Seesitivitr of eranfactnrs, in geserei Guilines, 18 as foi- 
Selenium Photorsesistors 
lews: 


sv a) Lowinous flux, laonen; &) Voltage 
sensitivity, v/ie Tsallius is toiled in sulfuric acid and 


the sviution evaporated ic give thalliva 


- sul fate. 


solved in water. 


On electrolytic purification, retallic thallicz is forsed, shich is dis- 
On treatuent sith hyd-..zen sulfivs, thallius sulfide 1s precipi- 


_ . tated, which, after heat treatment, Locomes sensitive to radiant energy. The re- 


‘ coe sultant thallium sulfide poeder is applied to a quartz plate. To protect tke pho- 


~ tolayer frou atzospheric influences, the photoresistor is placed under a vacnue. 


The sensitivity of thallofide, detergiued froa eq.(149), at am illusinatioa of 


one lux, is as high a ~ 


30% if the dark resistance of this thallofide is aboet 
= 2-8 megohas. 


= Tse threshold sensitivity to luminous flux ia saecern thallofices is 4°* 1077 


ate 8 < 1078 lumens and to a radiant flux, 3 * 10°® to 6 x 107% watts. 


Figure 79 shows the relation Letween the threshold sensitivity of tkallofide 


and thea intensity of the applied voltege. The diagram indicates that the threshold 
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oO. Pe teed Sesiots Moe ee pas SBE Ses ee tees ots 
sensitivity of thallofide increuses sith ehz zpplied voltage. 
The sensitivity of thailofide 2ecreases with increasing iliumination E; the 
curve in Fig.79, which shows the relation of sensitivity and illusination, csnfirus 
Fe osteo ; ; 
| | this statement. 
“ | The spectral characteristic of sensitivity 
- a, 5 ree: - 
( of a thallofide is <iven in Fig.8). The charac- 
2 a a teristic has two sharp saxiza: at } + 0.5 » and 
| at A * 1.05 up. 
15 
b) These maxina are icherent in all thallofides, 
! but are scacshat shifted depending on the zetbod 
used in preparing the thallofide. The long-wave 
as Loundary of sensitivity reaches 1.2-1.4 zn. 
re The wolt-acpere characteristics of thallofide 
5 am a ; . 
.. aa are noalinear. Fisure €) gives the curves of the 
Fig.78 - Relation between ‘ 
Threshold Sudsitivieyi eta Gependence of the dark current 2g ca tke appliea 
c Thallofide and the Voltage voltage U, taken for three different thallofides 
< a) Yoltage, v; b) Threshold (Ca ; ; ; 
sthaitivity sa rel aavaudeee rves 1, 2, 3). At increasing voltage, tke 
Wie steepness of the characteristics rises. Ia the 


- range of 10-15 v applied yoltass, 


the relation of the dark current to the voltage 


-- is cluse to linear. 


Tae luminous characteristics of a thalloficae, taken at voltszes of 4, 16, aad 
2 volts and illusinations up to 100 lux, are given im Fig.82. The carves of Fig- 
_ wre 82 show that, at increasing illumination, the photocurrent i, increases aca- 
~ linearly, since the slope of the curve varies with the applied voltage U. It has 

~ been experimentally established that the photocurrent of thallofide reaches its sax- 
_ imum value 1 < 1073 to 1.5 = 1973 


- 


_ (Garve 1) and a modern (Curve 2) thaliofide, are fivea in Fig.83. The diagram ia- 


sec after the beginning of irradiatioa. 


The frequency characteristics,. taken in the cynamic state for aa otsolete 


~ dicates that the sensitivity of the old specizeas of thallofide was sore depeadeat 


74 


ee OE RE EMER TT ee 


@ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 


Einmemteleoneemanetonakd a Lad 


~~ 
oe . 


a o + ~* 


ae ae 


er mm ee ee er RE rt re eo Come ETE me coer sme mem om wpm Tt oe DF mon ora ie 





G 
| on the frequeacy of the incident ‘light, and that this type could net Le used at ire- 
‘wiencics higher than 3600 ons. The seasrtiszty of acdera speciacns of thzi loiice 
| " 
te 
ae 
| im see Fig.75 - Kotiuigs of Seasitirity of 2 Tzallofide tw i lexieuxiee 
a) Tllawization, lex; £4) Seositivite is arzitrary crits 
| Aaa lesz on the frequency, acd «<i 10,050 cos amcants to atout 33% of aaxiscs 
i rensitirity. 
t 7 Tke texpezatare characteristic of a thallofice is alow ia Fig.€4. It follows 
| {> * “| from this chazgran that the cezsitinty decreases 
= = : f\ | with igcressisg texcperatere. 
--- p) i Figcre 25 shows carves ircicatizg the re- 
-_. = latioe of tke acize level cr dark coise wlt- 
el 2 age Us. ca the applied voitage L. The soise 


voltage izcreases coalisearly with iscreasiag 


e ~ 
7 Qe Gs 3 ay 12 
" — Fig. - Spectra: Characteristic 
~ of Seasitivity of a Thallofide 

Barvel tk,>; £)Seasitivity,% < 

#) Baveleagtk i: 2) Pa ere ee ty a low coise level. 


voltage. Gerses 1 aad 2 correszood ta tke high- 
28 


resistaace rhotczeaistors (1, 5.& sepgolms, and 
2, 14.5 segohms); they are alzost lisear aad are 


Gres 3 aad 


— 4 correspoad te lce-chmic protcresisters (3, 2.57 uegchcs aad 4, 2.54 megoims); they 


have a relatively high acise level and a sonlisear Gependeacc. Thus the bigser- 


"~ Fesistaace resisters tave am istriasically leser soise level. 


The curves of Fig.&5, tazen for different voltages U (2.4 and 4 5), shew the 
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Fig.@1 - Volt-Anpere Characteristics 
of Dark Current for Three Tnallofides 
a) Voltage, «; b) Sark current, u azp 


Fis.22 - Helation of Photocurreat of a 
Thallofide to Illusination at Various 
Yoltages 
a) Illumination, lux; L) Photocurrent 
under illumination, U amp 


2 
° 


_—— 


plied ycltage. 


Section 63. Telluriunm-Selenide Photoresistors 





3 In 1929, an alloy of selenium vith tellurium was proposed as a photosensitive 
~ layer. The basis for this was the fact that the selective maximus in alkali metals 
The higter the 


- atomic weight of a metal, the lower the work function of the electrons. 


— shifts toward the long-wave range with increasing atomic weight. 
— ° 


Conse- 


— quently, the photosensitivity of selenium can be shifted toward the longer-wave ia- 


a 
‘ 


a frared rays by adding to the selenium a suall amount of tellurius, vhich has a 


“higher atomic weight. 


_ Tellurium-selenide photoresistors were first built in 1931. 


i 
The difficulty ia 


~ their manufacture was the fact that the conductivity changed at a layer thickness 


- of 5 * 10°5 mm (the depth of penetration of light) and the resistivity of the alloy 


> ~ dropped with increasing tellurium content. 
( ~ + deep layers took effect. In addition, the prepuratioa of aa alloy of selenium and 


_~ 


In this case, the shenting effect of the 


tellurius was male difficult by the difference between the selticg soints of 


selenium (220°) and tellurium (453°), and by the difference is the vepor pressure. 


| 
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Fig.63 - Frequency Characteristics of Thallcofides 
l- Thallofide, obsolete xodel; 2- Thallefide, sodera codel 
a) Modulation frequency, ke; b) Seasativity, ® 
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Fig.64 - Toaperatare Characteristic of Thallofide 
a) Texperature, °C; b) Sensitivity, % 
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“At first the tellurius-selenide leyers rere applied by cathode sputtering. Later, 


+e ene tee ee ee 
we te cme Bee pee 


“(fig-66). The smaller this spaciag, the maller a radiant flux cans te devected Ly 
. Sach photoresistors were made, with completely sztisfectory paraseters, by seans of the vhotoresistor, 
~ vapor-deposition. Figure 89 gives the spectral characteristics of a photoresistor at various 


The spectral sensitivity of a teliurius-selenide photoresistor is given in fig- 


re 87%. The maxioum sensitivity lies in the region 0.7-0.8 u. The sensitivity of | 
\ 

| 

] 

| 

3 

| 

| 
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photorenistors at an illuzination 100 lux is 


100-250 u axp/lumen, and the variation in conduc- 


_ 2, 


tivity under the action of irradiation reaches 


& 
) 


S 
v 0 te er he Cee 


30-SU%. The Lasic disadvantage of telluriua- 
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a) 

Fig.€8 - Felation of Threshold Fig.£9 - Spectral GQharacteristics of Lead 
Sensitivity of Lead Sulfide Sulfide Photoresisrors 
Fhotoresistor te Slectrode 1- At a tecperatare of the zlccolaver * 20°C; 

Spaciag 2- At a teaperatare of the photolayer -185'C 
a) Iaterelectrode dis- a) Sensitivity ra relative usits 
tance, cm, L) Threshold 
Sensatavity, watt 


selenide protoresistors ia their low sensitivity 
in the spectral region near 1.0 u and the low 


value of the red boundarv, acounting to 1.2-1.3 u. 


a5 a7 ) uo ow Section 64. Lead Sulfide Photoresistors 

Fis.87 - Scctrs} Seasitivity of in these photoresistors, the isyver sensitive 

Tellurium-Selzaids Phote- 
resiator 

a) Wavelength, u; 5) Sensitr- sul fide. 

° vity, © 


to radiant flux is forged Ly s synthesized lead 
Cezperatures of the szcsitive surface of the photolaver. The carves sbus that tke 


maxiaum of spectral seasitivity and the long-wave Loandary are shifted tcward the 


yp? 


The technique of Luilding lead sulfide proto- 


ye 


" ~ resistors is as follows: 


a A lead sulfide layer about 1 u thick is deposited on a glass Lase. Such a 


layer can be obtained by two methods: either ky dissolving ammonium sulfiac ia lead- 


tv. Containing coxpounds (the “wet” sethod) or by distilling in vacuo (the “dry” vethod). 


~ In both cases, the lead sulfide layer deposited on the lase is subjected ‘o aa 


oxygen atmosphere to cbiain a particularly sensitive surface. Then two thia, al- 


most transparent Jayerz of gold, forming the electrodes are applied to each side of : nD x8 = me 5X9 
3 ss a 
the phstoresistor. The photoresistor is placed in a casing with e@ windos of quartz oe : ) 
‘  Fig.90 - Nolt-Acpere Characteristics Fig.91] - Freqaency Characteristics of Lead 
7 > T, areas} . 2 sis - 
or other material permeable to infrared rays. To make the photcresistor highly = ot hen Derk-Casceat ig and tke Saltide Phovoresistor at Yariccs Fer 


- Sensitive it aust be cooled to low temperatures, which considerably complicates the _ Photocurreat i, for a Lead Sal fide atures 
Photoresistsr 2) Frequeacy zoculation, cps; b} Seasiti- 
a) Voltage,v; 1) Current, amp vity im relative units 


- 
3 1 
~ Toe ee ee - 


_ ” The threshold sensitivity of a photorcsistor depends om the electrode spacing 
= : : : we with decreasing tenpezature of the photolayer, 


t 


. design of the body of the photoresistor. z 
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Figure 90 gives the volt-aspere characteristics of the Jazh current ig and the 


9 
—_ 


~~! 
- photocurrent i, ut various voltages U. Both characteristics are linear. The dark 


a 


aa current of this photoresistor reaches high 


=scenitudes. 


Frequency characteristics, plotted 
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2 ee gee 


for roo teaperature (+ 20°C) and the 


tesperature of liquid air (-185'C), are 


ee 
woes 
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sates ge 


Biven ip Fig.91. The nodulation frequency 
1 Pen ee pm in cycles is plotted on the abscissa aad 
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5 the sensitivity in relative units on the 


| as a 
ees a) ordinzte. 
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; The diagram indicates that the tem er- 
Fig.92 - Spectral Sensitivity of Lead 


Selenide Photoresi ator ‘ature has a strong influence oa the slope 


a) Wavelength, u; b) Sensicivity, of the frequency characterictic, As Tome 
% 


temperature, the sensitivity varies little 


C with the frequency modulation; at the teaperatnre of liquid air, however, this de- 


- pendence is very Pronounced, parzicularly in the tegioo of low and wedium modulatioa 


- frequencies (up to 200 cps). For frequencies above 2000 cps, the sensitivity is 


ee low. The inertia of the photoresistor is about 3 * i07* see 


Section 65. Lead-Selenide Photoresistors 


— 


es Photoresistors of lead selenide, like these of lead sul fide, 


methods, the “dry® and the “*wet?, In the former case, an alloy of selenium and lead 


is vapor-deposited on a plate with clectrodes 


are buile by tm 


ond is then treated in oxygen to ch. 


“tain a photosensitive layer. In the latter case 9 fils 


of lead selenide is pre- 


_ cipitated on a plate with electrodes from a solution of lead acetate, and a laver 


_ vf seienide is precipatated on this film from a solution of selenourea. 


c To increase the sensitivi ty, 


_ the photoresistor is heated for several hours at 
@ temperature of 350- 09°C. 


The spectral characteristic of Sensitivity of the photoresisior ie sivca ia 
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~ Fig.92. The curve has teo axiza, at 2.3 u and ut about 3.44. The long-wave bound< 


- ary rura up to 5,5 y. 






Takle 33 (C.apter SII) gives the principal parnaeters of lead-selenide phots- 
.. resistors. Pecause of their hish sensitivity nzar eaveiengths of 1-5 », lead sal fide 


_. anu lead-selesice photoresistors are sidelv used 

; 54 

- LU 
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. ture of telloricm and lead om a glass plate with 


today ia varicus fields of iafrared teranolegy. 


Sectios 66. Lead-Tellorice Photoresistors 


A known process cf preparing lead-telluride 


phoieresistors consists ia vepor-depositizg a rix- 


platiaue electrodes or a ceranic plate with coe- 
tie.92 - Spectral Characteristic 


of a lead-Tellurice Photo- pressed cartoa electrodes. 
-- resistor 
—- a) Yield ia relarjve anise 


The lead-tslleride fils is sensitized by 
heating it ix oxygen at a pressure of 10-196 am He, 


which reduces the dark coneuctivity at roca Cexperature ty a factor of abcaut 100. 
oe Figure 93 gives the spectzal characteristic of a Jead-tellaride photoresistor 
~ at - 186°C. The sasiace sensitivity lies at i * 4.5 4, aad the long-wave Loondary 
nS esteads to» = 5.€-6 » Bitk increasing temperature, the sensitivity of a lead- 


~ telluride photorzsistor decreases, accompanied ty a certain leftward shift of tke 
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The Back-Effect Phetscell ie 


Figure ‘ i 
gure S4 gises a schematic cyaxrez of & berrier-lever reer-22}} ssotocell. Tae 


~~ 


rhotocell coasists of the laver of vezal a {the mbstraten! to shics a thia file cf 


x seuiconductor (L) 18 applied; z xetal grid electrcde fc) is pheced ou txp ci che 


sexiconcuctcr. 


CHAPTER VII 


BARRIER-LAYER PHOTOELECTRIC CELLS Oa irracatica of the chotecell tw a flex of radiaze energy, azn eat arises oa 


. (BLOCKING-LAYER OH PHOTOVOLTAIC) the teundary Letscen the seurcoaductoz and the netal. This tecadary foras the tar- 
ster laver {2}, skich gaszcz electizcasa calv 1a cce czrectice, fem rte usta) ts che 
Section 67. The Photoeffect in the Barrier Laver seniccocactor. 


: The photoeffect in the parrier layer hac Leen detected in solids and liquids. 
The frent-Effect Protceell 











It sas first observed in i838 by Ue Pussian Physicist V.A.Ui*yanin, Professor at 


__ Kazan’ University. The thin layer (i075 to 10°® om), formed Letween a semicoadnctor a Figure SS is a diagram of a Sarrier-laver chotecei] with frect prortseffect. The 


oe BS enc -.2 
- 


Se gelled = bacsies lavas, This teaver bes s hick tstesce and 


e- - -= 
° S wee eats eS eae accaw suyue amas 2X 


mheoee . 578 iad o ° - + 
yiwwwiess COASRDCSE O1 Cre netal tase (a), a t¥ick Laver of «cau: ha 


and a sonducta> . 
eee ee ee ee we ~o. us st 
Ses Ceesscteg way, ane 


- . possesses the property of unilateral conductivity. Phen a radiant flux is incideat 
f --on a semiconductor, the Larrier layer passes the formed photoelectroas only im one 
s 


. directica and prevents their sotion (‘tlocks” cr bars it) in %be opposite direction. 


_._ A barrier-layer photocell (or biocking-layer photocell) coarists of a conductor aad 


cv — € oe ‘ ¢ é — t t * ac a 
- ~ semiconductor, with a barrier layer between Unem. = * scoot eee = 
. <7 a mee noe on. a } en ee 7, 


The electruns formed under the action of the rediast energy are displaced 


Sao toward one side of the barrier layer, as a result of which a poteatial & iference is 
_- formed betveea the surfaces of this layer, producing a curreat in the external cir- 


cuit. Tkus barrier-layer photocells reqrire no externa! veltaze sowrce. 


A peculiarity of the photoeffect in the barrier layer ia the direct coaversica 


__of radient energy into electric energy; for this reasorz such photocells are some- = | 
: ; 


times called photovoltaic. a : 
fig.34 - Usgren cf Eack-Eifect Farrier- Fig.SS - Giagraa cf Freat-Fffect Earrier- 














_ The generation of photcelectrons in a semicondsctor tskesx place in the same - Layer Pictccell Layer Pystecel] 
+ way as in the intriasic photoeffect, so that barrier-layer photocells possesa Liga > a) Base; £) Semiconductor; c) Electredes; 2) Ease; &) Scarcoaductor; ¢) Electrcdes; 
“ « _ d) Barrier 1 i 
‘+ genaitivity te. radiatioa of the near infrared regica of the spectrae. So eae. Pie etn Us mee eee Od: Ferriee Leyes 
: __ The photoeffect in the barrier layer is either of the rear-eall or froat-eall ae upper sewitraaspareat etal electrede (c). The barrier levee @e) de de = 
STAT 
14S. 
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he boundary between the semiconductor and the upper metal electrode. On irradiation 
of the photocell, the radiant flux penetrates to a certain depth into the semicon- 
ductor (without reaching the lowest cetal 
layer) end liberates electrons shich poss 
through the barrier layer to the upper elec- 
trodes. Thus, in contrast to Lack-effect 
photocells, the electrons in this case cove 


in the direction from the semiconductor to 





Barcier-Layer Photocell Jayer Photocells 
s a) Radiant flux 
eee Figure 96 gives an ecuivalent circuit 


for a barrier-layer photocell. 


The tctal resistance Boh of the photocell cozmprises the resistance r cf the 
barrier layer, the resiatance r, of the semiconductor, aad the resistance rq of the 


transparent electrode end the contacts 
hay Ry, "r+ ryt rg (188) 


The photocurrent igs arising under the wctivi us the radiant flux, is equal to 


~~ the sum of the current i, in the external circuit, and the lezksge curreat ig: 


q 
3 
1 
the metal. 
' fiv0e < Eausesleae Geeec eis Section 68. Equivalent Circuit of Barrier- 
{ 
At open circuit, we have 
a ig = ig (160) 
: { 


The electromotive force arising across the electrodes of the photocell vill be 


~ equal, at open circuit, to 


. 
. 
ee em & toned 0 ERP P S83 


"ed 


t Bh = ron (hy + ¥,) (161) os 
Jie AewE! a eee é 

- The photocurrent in the external circuit increases with diuinishiag external 

a e 
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Photccells of this type are also characterized by an efficiency 2. This ef- 
ficiency t is the ratio Letueen the waxisus pover output of the photccell and the 
power of the flux striking the sarface S of the photocell. At a linear volt-aspere 


characteristic, the efficiency may te calculated Ly the forsula 


where Ton? photocurreat; 


E = exf of the photocell; 


r * distance fsca radiation scurce to photocell; 


@ * radiasi flex; 


S 7 srez of the phatncell, 











Section 59. iesign of Earrier-Layer Fhotocells 
SESE EOS Saari cewbayer shotoceris 
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Parrier-layer photocells are alzost the sare ia desism. Figure 97 gives a i 

achematic design of a typical Larrier-layer photocell. The ghotoce!l consists of as i 

, ; eloaite or textslite case (1}, a protective 

ome elaxs (2), am upzer grid or thia solid elec- é 

2 trode (3), the semiconductor layer (4), and the 3 

wetal hase (5) (lower electrode). 

Of the groep of Larrier-layer photocells, 

' Fig.97 - Arrangezent of a only photecelis sensitive to infrared rays will ke i 

ee discassed Lelos, includiag caprous oxide (ccprox) 

shield; 3- Electzodes; 4- Semi- Lack-effect photocells, silver-sulfide, lead- : 

ter esas sulfide, and thalliiw-sul fide photocel ls. 

Section 70. Tic Crprous Garde Back-Fifect Fhocwwceil | i 

| 

- The process of eczzfacteriag coproas oxide Lack-effect or rear-vall phstocal le 
is.very siaple. Qn a lead plate attached to a copper plate about 1 mm, oxidized ia 
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- an oven at a teeperature of 1000°C, 2 layer of cuprous oxide (Cu,0) about a i 


eapertem 
Se 1 


7 thick is formed. The plate is cooled slowly to 600°C under exclusion of oxygen. A 


metal wire mesh or grid, serving es the second electrode, is attached to the lever 


1x1 


ae een nn ot the ROT NOM OF: 


°° 
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Fig.98 - Spectral Characteristic of Cuprous Oxide Photocel] 
a) Wavelength, u; b) Photocurrent in relative units 


I f, 2 5 


of cuprous oxide. 
the spectral characteristic of a cuprous oxide kack-effect phstocell (Fig.$8) 


has two sensitivity maxima. The first taximua occurs at a wavelength of about 





Fig.99 - Volt-Acpere Characteristics of a 
= Cuprous Oxide Photocell 
a) Luminous flux, lumen; b) Photo- Flux for a Gaproas Qride Phote- 
current, amp cell 
Oe Sax a) Luminoos flux, lonean; b) Pro- 
toelectrozotive force, at 


Fig.100 - Relatioa hetweea Photo- 
electromotive Force and Lrvisous 


**. 0.615 un. With decreasing temperature, this maxicum shifts slightly toward ine short- 


Wave portion. The second maxirum corresponds to A = 0.8 » aad likewise depeade ca { 
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Figure 99 shows a family of volt-apere characteristicz, hadicatiax the de 





_ Pendence of the shotocurrent oa the value of the radiant flux and the rcsistaace of 





















9 ae ere soe 
WI SOMOS 20 SEA : 
- a) 4 
a 3 < at Ee ata ° 
2s Fig.16] - Frequeacy Characteristic of a Cepross Oxide Phetccell : 
i a) Mcdslation frecueacy, cps; £) Seacitivity, & 2 
_ tke extersal load. Curves 1, 2, 3, 4, S, 5 aad 7 were takea, rescectively, at ex- § 


terral circcit resistaaces of 3, 100, 200, 3. 0, 560, aed 1600 cis. The cia- 


eran ia Fig.59 stows chat, at Jow flux aad Ics exterzal vesistaace, che photocerreet 


—1is directly prozortiaaal to the flax. Ritch iacreasing exterzal reaistaace, this 3 


weet ld ea eee 8 


_ Frcportionality co longer holds. 


__ Figure 100 shows the relatica Leteeee : e Fhotcelectroaotive 


force gexerated iv 


2 wa erdaes 


-__ tke rhatocell] and tke sagaitade of the incizeat flux. The diagram iadicates that 


—etl, -L. ; z z i 
the potoelectromotive force depeeds lozarithically ca che ligkt flex asd increases 
_ sith it, 


The fremency characteristic of a caprows-ckide piotscell is shown ia Fig. 101. 


2 Sirce cupreus-oxide photecells have a rateral caparitaace, 


NOS elt aet Cen 


their seesisivity rops 


--at high acdalaiaca freqeacy. Figure 101 iadicates that, at a aedalatica fresucecy 


_ of 10,000 cps, the sensitivity decreases to 604 of the saxizue. 


The photocezrent aad anf arisiag uncer irradiatica are highly teugeratire- 


ENO eae ee Note wH 


" _depesdeat. The tesperatzre coefficieat of the photocerreat ia 


the external cirerit 


"ie the texperoture interval froo T, to T, is deterzised ty the formela ~~ ~-- 


ore eee 
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: - lengtis frew about 0.5 to 1.35 pu. : 
am iy a iy . . . 
a as a (163) f The solt-anpere characteristics shown 19 tig. 104 are taken at room tesperature 
i - } f, 
ty i'r ? . i 


~ 
vee 


(15°C), at alluniaation of S and 190 lux. At aa illeaination of 3 lux, the curve 


_. where i, * photocurrent at the terxperature T); 
mo i, * photocurrent at the temperatuce T,. 
C The temperature coefficient in the intervai from -20 to * 80°C fluctuates trom 
-0.0086 co .-0.0016. 
figure 102 shows the relation Letween the value of the short-circuit curzent cof 


a cupreus-oxide photocell] and the applied voltage, for various texperatures. 
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The power output of ihc photocell to the external 
circuit reaches a caximum when the resistance of the ; fig. 103 - Spectral Characteristic of a Fig.104 - Solt-Apere Characteristics 
= Silver-Sul fide Photocell (FESS) of FESS . 
a) Bavelength, u; Sensitivity, € 9} a) Soltage, me: E} Phoraccerrcct 


external circuit equals tie internal resistance of the 


a S aop 


photscell. 


To increase the power output, the surface of the 


fle 


of photocurrest verscs rcltszse drop in the evternsh ciresit ix linear. ith is- 





photocell caa ke increase® The poser delivered ty a cressiag illuwination, this Jirearity no longer bo'ds. ‘ 


a a) 
("- —Fig.102 - Relation of Short- 
Circuit Current of Guprous- 
_ Oxide Photocell to Voltage cells is their instability of operation, due to the 
~-. a) Voltage, sv: b) Short- 
- circuit Current, yp amp 


cuprous oxids photocell is equal to 2.9-3.03 u watt. asa The dependence of the photocurrent aad of the phote-enf ce the illasinatios is 
The main disadvantage of cuprous oxide photo- _ shown Ly the curves given ia Fig.105. The maxinam value of the caf (Carve 2) at i 


inconstancy of the psrazeters. 


At present, cuprous-oxide photo.ells are rarely 
> - used and have been replaced Ly impzoved types in which sulfur coegounds are used. 
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~ Section 71. The Silver-Sul fide Photesell (FESS) 
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Silver-sul fide photocells, developed by the Physics Institrte of tke Ukrainies oe a) hs os ee ee 


—~ 


*- Academy of Sciences, use a layer of silver sulfide as the sexicoaductor. om Petey 


Fig.10$ - Relation betecem Photocurreat 


Fig.i06 - F isti 
The integral sensitivity of silver-sulfide photocells, determined Ly meaas of ee requcacy isreetersstic ol 
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; (Curve 1) or Photoelectromotive Ferce FESS 
— an incandescent electric laep with a filament tenperature of 2400°K, equals 2000- ; (Curve 2) end Illasinatioa, tor r&SS 2) Yodalation fregeeacy, cps; £) Seasi- 
gt Se . I 3 i * 2 . 3 Yi 
( - 5000 1 amp/lumen. The maxizum senzitivity is ia the infrared region. Co - <2 ay pA boas aekice: iux Pe tee : tavaty, & 
ae - curreat, ub osp; cy Photcelectrcnotive 
ey The spectral characteristics given in Fig. 103 show thet the photocell hes its — force, av 


_ maximum sensitivity at \ = 1.0-1.1 4, and that it is sensitive to rays of wave- op ae om eee en “ 
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(Curve 1) is directly proportional to the illusi 
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- 1000 lux. The internal resistance of photocells having an area of 2 cm? varies fros ~ Section 72. The Thallics-Sul fide Photocell”” . as A - 


. iGGS to 6009 obfas, 


i ; Thallixa-sul fide photocells sere firat developed 22 1932 ty the Scyret physicist 
- The frequency characteristic given in Fig.105 shows the relation of the scasi-  B.T.holoaryts under the direction of Acadezician A.F.loffe. The desiga rf the Fhoto- 
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( tivity of FESS to the frequency. ‘The diagram shows that the Sensitivity of the pho- * 
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tocells decreases, from atout 1000 cps. It 






is suggested to use such photocells at fre- 








quencies not exceeding 4(00 cps, since the a ae 
Sensitivity is less than 60% of maxizus at 
higher sodulation frequencies. ; ; 
~ “40-20. Q 4) +50 Ihe relation of photocurrent and pho- eee ea each aaa a eerie meriige 
me Fiz. 107 - Relation of Photocurreat toclectronotive force to the tenperature ae eas oa i ete es SRet ee eeee ee eae 
a {Curve 1) and Photoelectrcnotive is shown in Fig. 107. The photocell oper- ae a) Ravelength, u; b) Sensitivity of 
res : Force Pa eee eer ates doen) iy <b ote eesidie Enda 268) on “-- Photucell §; 2} Estcasity of radia- 


tion ia relativ= units 
a) Texperature, °C; b) Photocurrent, + 40°C. Outside this temperature range, 
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( |. sP* 10°°; ¢) Photo emf, mv the photocurrent and eaf decrease con- f -- cell is achematicslly shoum in Fig. 109. 
‘ 2 siderably: re To construct such a photocell, a seziconduactor (L) is vapor-deposited om the 
. = the power given off ly the photocell to the exteraal circuit will reach a ee ; >  jroa plate or Ease (a); the coeductor consisis of a aixtare of challies salfide aad 
— —- 
" ..mum as soon as the spectral characteristic of the radiation source correspords to r = Table 32 
7... the spectral characteristic of the photocell. Figure 108 gives the spectral char- nee Efficiency cf Silver-Salfide Photecells 
<:acteristics of an incanaescent leep at a filssent tesperature of Z7670'K (Curve 1) teat eer ! 
ca few Tllaxination, 
- and of the photocell (Curve 2). The areas of these curves are superizposed o2 one ae 


~ another over part of the range (hatched ia the diagram), making the photocell] use- 





- _ fal as an indicator of luminous flux if the radiator is an incandescent lamp. 











The efficiencies of a silver-sul fide photocell (cf.eq.162) as a function of the ” _ telleriua. To obtain a photescasitive layer, the conductor aust be Spictsed:: 0s 
7 pliucindtiiw. ace givennie Tahlia Se: . ~ the cxidized fila (representing the barrier layer c), the apper semiconductor gold 
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= - protect it f i - th tocell is pl he fi i 
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att tae : - = — ® Pressure of cp zo 400 wm Hg, shich helps to prolong the life of the photocell. 
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” ‘The integral sensitivity of thalliua-aul fide puotocells runs on the average up 


—s 


~_ to 4000-6000 y amp/Im at 2800°K coJor temperature of the radiator. he 


The spectral characturistic (Fig.110) covers a rather wide range of wavelengths, 


"_ which is about the same as the characteristic of a thallofide photoresistor. The 





Fig.11G - Spectral Characteristic of a Fig.1ll - Relation of Photecarreat 
Thai iium-Suifide Photocell (Corse 1) and Photoelectromotive 

a) Wavelength, u; b) Sensitivity, % Force (Curve 2) to Ill d:inatioa, 

- : for a Thallium-Sal fide Photocel! 
a a) Illezinatioa, lux; b) Photo- 
current, 4% aap; c) Photo-emf, av 


maximum sensitivity is in the region of about 1 u, and the long-wave boundary 
reaches 1.3 4. 

The photccurreat and photo-enf are plott:d in Fig.1]!] as a function of the il- 
~ lumination. The curves are similar to the corresponding curves of other barrier- 


: layer photocells. , 
. The frequency characteristic of the photocell is shown in Fig.112. At a fre- 


- quency of 5000 cps, the sensitivity is abcut 80% of the maximum frequeacy of the 


—_—— 


photocel! (the sensitivity at a frequency of SD cps being takec as 100%). 
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i Section 73. The Galena Photsccil 
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z:- _ Figure 113 scheaatically shows the design of a photocell with a naturel crystal 
of galenite (lead glance). In the body (1) of the photocell, the crystal (3) is 
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“held by the electrodes (2). The arid electrode (4) is placed on the zerface of the | 


. crystal. The upper part of the Lody is provided with a window (5) of an cptical 
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a) Modulation frequency, cps; £) Sensitivity, % 
-- gaterial transparent to irfrased rays. 


_ first heated in vacoo, a layer of lead is depossted (ty evaporation) and a aclvybdeaus 
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Fig.1)3 - Cesign of a Galena Photocell: 
l- Body; 2- Electrode; 3- Galena crystal; 
4- Grid electrode; 5- Hiadow 
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Fig.112 - Frequency Characteristic of a Thallica-Sulfide Photocel! 


The technology of zanufacture for such photocells is about as follows: 


The surface of tke falena is ground and polished. On the polished surface, 


O ae tungsten grid (electrode) is pressed iato it. A second electrode serves as tke 


ae base to ehich the galena is attached. The photocell is them reheated, aaking it 


 --exystal to the grid. To eliminate the iaflseace cf the ataoephere, the photocell is 
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= A ceparison of the eaxiaum sensitivity and long-wave Loundery of various phe- — 


= The sp al characteristic of this photocell is analogous to the characteristic 
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- tocells shoex that photoresistors have their naxisza sensitivity and sensitivity 


‘of a lead-sulfide photoresistcr. It has a seooth region of rise and reaches a maxi- 


' 


~ 
‘me 


Fig.114 - Gependence of Phoiocorrent 3a ‘the Ii luwination for 
a Gale 3 Phstocell 
a) Tilusinatica, lux; b) Photocurrent, u amp 
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Fig.115 - Efficiency sf Varicus Photocells: 
l- Selenium; 2- Thallofide; 3- Lead sal fide; 
mum at A * 2.5 u, after whicn it drops rather sharply. 


Black-bedy , "Ks F) Efficiency, 
Figure 114 shows the relation Letween photocurrent and illumination, at vari- SY np een hday Lemperseasey: “Ke PY cEe es eeers 08 


" = ous cxternal icads (0.1; i, 19, 100 hme). This relation is nonlinear, Lecoming 
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threshold in a longer-sere nortion of the spectrum than the other photocells. 


- — almost linear at low illusination or vezy low externs! load (close to zero). 


The sensitivity threshold of photocells ranges from 10°® to 10°? lumea, or 
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27 The freywicucy characteristic of galena photocells shows that, within a wide + 20°T co 10°16 wate, at 2400°K color tesperatere cf the radiator. The ssxinna sen2i- 


tacitly tareshold is exhibited by lead-sslfide photoresistors. whose seasitivity is 


3.— frequency range from 300 to 40,000 cps, these photocel!s are practically inertia- 


3 ~- less. 
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/ -  akout 5 times as great as that of the thallofide photoresistors. 
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_ Section 74. Comparison of Parameters of Various Photocell= Sensitive to 
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With respect to inertia, the emissive photocells have the advantage, siace they 
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; have the smallest inertia (akout 10°* sec for vacuum photocells of this type). The 

- Infrared favs 

poe { ; sluggishness of photcresistors is uf the order of 10°* see. 

: Yable 33 gives the principal parameters of varicus photocells. By comparing ° : : BS eaeceh bie ete, baad 

. Figure 115 gives curves indicatieg the variation ia the efficiency of variocas 

- these parsoeters, the following lconclusicas may Le drawn: = . 

| photocells with any variation in the tezperatare of the radiator (black-body). Pho- 

The internal resistance of the photoresistors reaches 10° ohms and more, aad : nn . . ; 
_ ~tocells sensitive to the Jonger-wave portinn of the spectram have the highest ef- 
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* + that of emissive photocells, 10!! ohms. PhotoceiJs are therefore useful for aepli- = ficieacy (cf.Table 33). | h, . 


s fying circuits. = Figure 116 gives the curve of threshold sensitivity for a few pkotocells at 
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- emission, and the anode (collector) A. The electrodes S,...S, are supplied with \ 


successively increasing potentials. 
ex a The radient flux falling on th? 
photocathode K, liberates prizary eclec- 


trons which, under the action of the ac- i 


i CHAPTER VIII 


celesating field, ispinge on the primary 
A FE® TYPES OF SFLECTIVE INDICATOKS OF INFRARED hAYS 


electrode S, and “dislodgze® secondary 





Section 75. Electron Yultipliers electrons from it. Each primary elec- 


Tete ae wt 


3 tron “dislodser™ « few secondary elec- 


In 1934 the Soviet scientist L.A.Kubetskiy proposed the construction of a nce Figo i? sSchecatic: Ciseres of Blectric 


trona (average 3 to 10, depending on the 


type of photocell, the electron multiplier, or multistage secondary-electron ac=pli- Valtiplice: pps P “a tae 7 3 
K- Photocathode; A- Anode; $j-7T- Ebec- caefficieat of secocdary exission). 7 3 
’ 4 
7 fier. = trodes; electrons escaping from the electrodes S, ; 
This instrument combines the conversion of the energy of a radiant flux into ; a) rediant flux ; ; 4 
az 1mpisge on the following electrede S, 3 
hotocurrent and the aaplification of that photocurrent. The nhotneffect of a ir- az : : : 
e P - and there “dislodge” a still larger nauber of secondary electrons. The repetitica t 
radiated coated oxygen-cesiua phctccathode is used for the coaversion of radiant en- : ; . F ; : : s 
an : a of this process in each paiz of electrodes creates, in the circuit of the anode A, 
ergy into electric energy, while the secondary electronic emission is used for ampli- 1 


-a current aillions of cimes hizter than the priaary photocnrreat. 
” fication of the phe.tocurrent. _-—— ee bis oat ; 
e.0 The sagnitude =f the photccurrent I at the xultiplier output is cetermined Ly 


-_the eqsatiosa 


The phenomenun of secondary emission consists in the liberation of secondary 


electrons from the surface of a Lody under the impact of electrons of sufficient ea- 


oa 


s 7 I's T50* (155) 


ergy. The number of such secondary electrons (N,) way be sereral tises as gieat as 


“<——the number of primary electrons (N,). The ratio 


*v—wshere I, * primary electron curreat from the photocathode surface; 


| 
| 
| 
| 
| 
| 
| 
| 


Ng 


a ag N, (164) 


_ © ® coefficreat of secondary ewission of the electrodes; 
a * nuaber of electrodes. 


is called the coefficient: of secondary emission To obtain maxiaum yield under multiple acplification, the electrons must be 
c ° 


Bodies having the smallest rork function of the primacy electrons, for exeaple concentrated 1a each a way that, if possible, all electrons ‘eaving the precediag 


: . ise - ~~ electrode strike the follocieg one. This is done Ly xeans of electrostatic or elec- 
cesium and its compounds, possess the greatest secondary emission. Electron eulti- - 


- ae . i sing. Soviet scicati 3 ed varices cesigns of electron 
pliers use multiple azplification of the secondary electron current, shich succes- tromagnetic focusing iet scientists have develop a oe 


sively increases through a few stages of the insirumeat. _ multipliers (Pibl.11). 


- 


Figure 117 shows a schematic diagraa of the electron sultiplier. The aulti- The special feature of the dixccwe sultiplier desiga, developed cm 
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—L.A.Kubetskiy, is that al! the electrodes cre deposited in the fors of thia annuler 


. layers on the inner surface of a glass tule, The raygen-cesium photocathode is like- 


wise dejosited on the surface of the tcbe. To accelerate the electrons and focus 


_.the electron tee=s, voltage is izposed on the electrodes {rea various points of a 





a { 
potentiometer fed ty a voltage source. 
A schematic diagram of the electron cultiplier vith electrostatic focusing 


(Bibl. 12), designed Ly S.A.Vekshinskiy, is shown in Fig.118 a. The glass take con- 


wr 





Fig.il8 - Electron Multiplier Designed by S.A. \ekshinskiy 
a- Principle of cperstion; b- Construction of plate; 
c- General view; 
a) Light; b) Anode; c) Cathode 


Pat 


! 
rad 


is.128 - Schenaric Diagram cf a‘°Grid-Gstrollasce” ; 
h- Photocathode; C;,...D;3- Ciaphrages; A- Arode ° 


ee 
¢ 


(3 


tains sets] pletes with slits in louver form (Fig.118,1). The plates are coated 


oe 


— with cesirn and are arranged paraliel to one another. The potential diiference Le- a 
:_ tweea any adjacent pair of plates is equal to 200 wolts. The increzsing electron 
_ flux penetrates successively through the openings in the platex, until it reacnes z 


. ~ the last plate (anode) which has no opening. 


— 


The sensitivity of the eultiplier is 6-8 amp/lm at 10-12 stages of ampli fica- 


_ tioa. 


cor certain tn intnee NIE Ney eee Cone enema = 


Figure 119 shows the schere of the electron acltiplier designed by Profes- 
" ~ sor P.\.Tizofeyev (Bibl. 12). 


fee 8 eel me 


The electrodes of the geultiplier S,...S, are arranged ia chechertoard design. 


oor 


".~ In frent of each electrode is a cetal grid connected with the next electrode. The 


wea tay Bo 


: — electrons leaving the electrode enter the accelerating fieid produced by the grid. 


Poke 


é 8 = — The potential of each grid is 19) volts higher than that of the precediag one. ‘a 
Fig.119 - Electron Multiplier Designed by P.V. Timofeyev 


a= Principle of cperatioa: b- General vies: 7 nA : "the Tivofeyey gaultipiica the electroas show little scattering, due to the high ace 
a) Light 


Je ee Oe 


we Aad ene 


:  celerating field, thus enauriag high velucs for the azplification factor. 
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plier (with grids). Inside the tube, grid metal electrodes (1,2,3.-.12) are arranged 


~ in succeszion. 


Fach successiv~ giid tics & higher petential chan the preceding one. 
The photoelectrons escaping from the pho- 
tocathode Kk, under the action of the ra- 
diant flux $, impinge on the grid (1), dis- 
lodge secondary electrons there, ead are 
attracted to the grid (2) under the action 
of the electric field produced by this 
grid. 


The electron streax, increasing ia 





volume as it passes each grid, is col- 


lected on the anode A’ 
Fig.121 - Scheme of Dynamic Electron 
Multiplier with Longitudinal Magnetic 
Field: 
K, and K, - Cathode; A- Anode cylinder; 
M- Electromagnetic coil 


The angular diaphragns C,...0,-, lo- 
cated between the grids, are used to focus 


the electron stream. The electrostatic 


fields produced Ly the diaphrages play the 


part of electronic lenses, focusing the electron beam. 


Figure 121 shows a schematic diagram of the dynamic electron eultiplier with 
_ longitudinal magnetic field. 


we 


The high-frequency alternating field, of frequency up 


__to 10® cycles, produced by the power supply system, acts oa the cathodes K, and K,. 


* 
we 


__Uci cen tne cathodes, a cylindrical anode (collector) 18 installed. 


e 
— 


The coil M, fed 


Tke anode is 
*“—supplied with a positive potential from an auxiliary Lactery; the negative pole of 


- 


_with direct current, produces a longitudinal focusing magnetic field. 


** the battery and the center point of the cachodes are grounded. The electrons leav- 
« ing the cathode RK, in the direction uf the anode, do not strike this cathode. be- 

. cause of the tccusing action of the magnetic field of the coil. -, Teach ine op- 
1 _ pesite cathode Ky if the electric parameters are such that the electrons are able to 


_ __ traverse the distance between the cathodes during the tine of one half-period of the 
: “high frequency. During this time, the di-ection of the hick-frequency field does 
5, tot change, so that the electrons remain under the action of an accelerating field. 


: ~ Q& reaching the opposite cathode Ky, they detach secondary electrons from it; these 
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- secondary clectrona, under 


owe 


_ half-period), travel ia the cppssrte directica and, striking the cathode h. 


the action of the field with a changed sign (the following 
dislodge 


secondary electrons there, which again travel toward the cathcde Ky, and so on. Shen 


_the nuster of electrons iacreases to a certain value, sore of the secondary electroas 





~ _Legin to impinge on the anode, producing an increasing current in the asplifier cir- 
sad “cuit. 

Ia order to obtaia an asplificatioa factor ¢ > 1, = high-frequency voltage of 
the order of Sv can be izposed om che cathodes. Since the transit tiae of the 
eS ow 
E 42 3 
_— ig! 
| ‘ «6 ek, 

‘ - = 15" : as§ 
| aa ‘al KO 
| Lot 
ait fe { 
| c ro a) c68 
£2 big. 122 - belation of Output Carrest an2 Fig. 123 - Relation of Aeplificstion 
PES ee Voitage under Secondary Electroa ” Cegree to Numker of Stages n and to 
| ae Fxission Value of the Applied Voltage 
a) Voltage, v; E) Qutgut current, at a) Yoltaze, v; b) Cegree of acpli- 
_- £icatioa 
l ve 
+__ electrons at a frequency of 10° cycles is about 107® sec, the distance between the 
1 cathodes rust Gt exceed 6 os. ‘the limit of rise of the current is deternined by 
. __ the space charges formed. 
. The dynesic electron euitapiier, according to its schematic diagram, is a pho- 
- — toelectronic amplifier of current, tet it may als» be used as a uultiplier, iff a 
‘ : 7” photoelectric cathode, productae primary electrcoes shea struck by a radiszat flax, 
2 —is introduced im it. | 
a eee 


Electron multipliers are evaluated ty the sme basic characteristics as pheto- 
_.— cells. | 


OO ee ee 


The threshold sensitivity of eodera electron sultipliers 13 deterzined hy the 
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‘level of inherent noise, In practice a eultiplier reacts to a very insignificant ra- 


diant flux, which is one of its principal advantages. For exraple, an eight-stage 
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big. 124 - Lusinous Characteristics of Three-Stage Electron Multipliers 
a- belation of output current and i]lvsination; b- Sslation of output 
current and radiant flux 
a) Illumination, lux; b) Gutput current, amp; c) Hadiant flux, lumen 


poud 


—_— 
* 


multiplier has a threshold Senxitivity of about 15 * 10°? aep/lm. The integral sea- 


Sitivity of a fifteen-stage msitiplier 1s as high as 10 azp/Ie. 
Figure 122 gives curves relating the output current to the applied voltage for 


~ a low-voltage nultiptier, designed by P.V.Tinofeyev. Curve I is takes at a flux of 


-F = 5 * 107% lm, and Curve 2 at F = 1.4 * 10°? lm. The diagram indicates that the 


.-.. current rises up to a voltage of 50 v but, oa further increase in voltage decreases 


_.__ slightly. 


The degree of amplification, as a function of the nuaber of stages n and of the, 


oa. 


a. applied voltage, is illustrated by che curves in Fig.123. At fifteen stages, the 


- degree of amplificaticn reaches 107. 


2 The spectral characteristics of electron multipliers are determined by the type 
~ of photocathode and do not differ from the characteristics of exissive photocelle 


: ~_ which have the same type of photocathode. 


The ! iinous characteristics of the three-stage electron w:ltiplier gites in 


‘ Fig. 124 show that, at a small number of stages, the ampiification of the photocar- 


{ . 
7? 


rent is proportional to the illumination or to the luainous flux. 


- 


- In multistage electron cultipliers, the photocurrent in the final stages 


reaches high values and the space charges formed affect the focusing adversely. This 
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bigure 125 gives the frequency characteristic showing the dependence of the pho- 


__ tocurrent, in relative units, on the sodulation frequency of the incident radiant: 
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- Fig.125 - Frequeacy Characteristic of 
Electron Multipliers 


Fig.126 - Noize Voltsze cf Electroa 
bultiplier 


ne _ 2) hodulatioa frequency, xegacycles; = a) Applied voltage, vz: t) Nvise 
2 L) Photocurreat, € voltage, u aap 
-__ flux. Tke diagraa shows that the characteristic is linear over the segient of 
: _ 1-16 megacycles. At higher frequencies, a snooth decline begins, which keccmes 
-__ Steep akove 50 negacycles. 
on Like emission phototates, electron ealtipliers show ro perceptitle texpczatere 


~~ dependence ia the interval from -40 to + 50°C. At tecperatares above + 50°C, the 
! 


~- photocathode Legins to disintegrate. 


a ee The stability of operation of electron rultipliers depends is general oa the 


- quality of the electrodes emitting -he secondary electrons. In time, the electrodes 


.. Sage”, even when Gperating uader norma: load (about 0.5 vatts/an?).— The “agiag” 


i. - shons ip a decrease of the Secondary enission factor. For example, the seasitivity 


_ ofa fifteen-stage cultiplier (about 10 aap/Im) drops Ly about 20%, after 2000 hoars 
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Electron multipliers have an insignificant noise current ( 


-e ee ee a 


tig. 126). For ex- 
* ate, at a feed voltage of 1800 v, the noise voltage slightly exceeds 10 u asp. The 
noise in a multiplier is classified, according to origin, into noise produced ia the 
" _ photocathode, noises due to the influence of secondary emission, and noises of the 


“output load. 


~ 


Section 76. Luminuphores, Sensitive to Infrared havs 


reer LS 


Under the action of radiant enerzy, many substances begin to radiate visible 


light therselves. This phenomenon is called photoluminescence. If the lurinescence 


is interrupted immediately after stoppage of irradia- 


a 
! : 
is 3 ; tion, the phenomenon is called fluorescence; if, after 
ee 3) 6 1 stoppage of irradiation, the luminescence persists for 
> 
Te 7 a certain tine, it is called phesphorescence. 
oe z 
af SS Luainescent substances are called luminophores. 
mr Cas ganas 12 th 1 
Se 


a | 
Fig. 127 - Relation of Lusi- 
nous Discharge (1) and 

. Quenching (2) to the Bave- 

length, for the Lumin- 

ophore CaS2i 

a) Wavelength, u; b) Sensi- 

tivity in relative units 


The bases for luminophores are inorganic sab- 
stances, such as the sulfides of alkali setals. Ona 
addition of certain metals, or activators, these sub- 
stances phasphoresce under irradiation. Tke principal 
substances and metals (activators) are usnally indi- 
cated in the designation of a lusinophore. for ex- 

ample, CaSBi indicates a lusinophore of calcium sul- 
fide, with bismuth az activatecr. 

Luminophores are excited only under irradiation by a shert-vave luminous flux, 
for example gamma rays, X-rays, and ultraviolet rays, visible light, and near is- 
frared rays, and luminophores can be excited only by the radiant energy they aksorb. 

The process of excitation of a luminophore under the action of radiant energy 
tokes place within the atoxs or molecules of the substance, without the occurrence 
of electronic emission. An electron of the luminophore leaves the center of exci- 


tation, shich consists of a complex of molecules of the principal substance coa- 


taining the atoms of the activator, and retums to it after a certain interval of 
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-'tine, sowetiznes measured in tens of hours. Whea the electroa returas to its pre- 
_ Visus energy level, part of the encrgy received ty the electron is radiated in the 


form of radiant energy. Thus luainescence is characterizeo Ly an acccoulation of 


_ energy in the luwinophore curing the period of transition of the electrons to higher 


energy levels. This accumulated energy is catled the light sum. 


At low texcperatures, a lumiznophor does not radiate, and the light sum rexains 


constant. ith increasing temperature, the light sus cecreases, i.e., radzation le- 


gins. 


Under the action of infrared rays, 


tso phenocena may occur io luxzsophores: 


accelerated lumineacence cr flare-up and quenching of lasinescence. Accelerated 


~ luminescence is accelerated radiation of the light sum accnxalated ty the iumino- 


phore, while quenching is the interruptico cf luminescence. 


According to reseerch done Ly Academician S.].Ssrilov, accelerated luminescence 


+ ge due ch 


e 
Sf fat 


—_ 


heating of the exciced centers of luminescence iy the energy of the 


quanta of infrared rays absorked, thas encouraging the return of the electrons to 


—-—- 


- their former energy levels and, consequently, also eacooragire 


radiation. The re- 


- duction in tke light flux of a luminopbore has two forms: accelerated lusinesceace, 


-- when the accumulated light sum, under the action of long-wave radiation, is rapidly 


rediated in the form of laminous flux; aud quenching, ia which part of the light sem 


is ..aosf{creed into heat and cannot te radiated. 


—~ 


Ta this case, quenching aad ac- 


* +—celerated lumizescer.e occur simultaneously. 


The incideat radiant flax is; absorbed Ly » lenisophore; the abscrption Laads 


due to quenching exist caly in aa excited lumiaophore, and the degree of absorbing 


- 18 proportional to the degree of excitation. 


The process of quencning is expleined Ly the drop ia the emissivity of lusiso- 


phores at temperatures atove 200°C; this emissivity is completely lost at a tespera- 


* - wre of S20°C. For this reason, if the teaperature of a luainophore does not rise 


- above 200°C ia the process of absorbisg a queatca of long-wave rays, caly accelerated 


. lusinesceace takes place; howsevez, if the texperature excecds 00°C, the accelerated 
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~"luminescence stops and only quenching takes place. 

- In the temperature range from 200 to SO0O°C, simultaneous accelerated phosphor- 
escence and quenching are possible. The ratio of accelerated luminescence to quench- 
ing, for a given luzinophore, is determined by the wavelength of the lusinous flux 

! incident on it. Figure 127 gives the curves of 

ail the wavelength-dependence of accelerated lumi- 
aescence (Curve 1) and menching (Curve 2) for 
the luninophore CaShi. 
The diagram shows that quenching and ac- 
celerated luminescence occur not only under the 
on action of infrared rays but also under the action 
Fig. 128 - Principle of Construc- of visible snd ultraviolet rays of the spectrum, 
tion of an Eleztron-Optical in which crse visible rays quench luszinescence 

= Transducer . : 

a) Fluorescent screen anode; much sore thsn do infrared reys. Consegqucatly, 
b) Semitransparent photocathode; the action of the short-wave radiation induces 
c) Eleecrrons; d) Infrared rays; fos . : 
e) Infrared image; £) Electron excitation end quenching at the save time. 

~) . . 

- imnge; g) Visible image; In its relative value, accelerated luai- 

em h) Visible rays 


nescence due to infrared rays predominates over 


the quenching by rays of shorter wavelengths. The rotio Letween accelerated lumi- 


nescence and quenching depends on the texperature of the luninophore. 


‘---eratures, the acc lerated luminescence is more pronounced. while at high tecpera- 


At low temp- 


tures quenching is predominant. 


- Infrared = lenpes than 1.2 « produce only accelezated luminescence since 


their energy is insufficient to heat the luminophore to temperatures above 200°C, 


a 
1 


at which weskening of its emissivity begins. 


The substances which can yield the greatest effect in the infrared region are 


“ehe sulfides, selenides, and tellurides c{ cadmiuz and of certain other metals. 


ss Luminophores sensitive to infrared rays nay scrve as indicators of iafrared 
wt 1 


rays. 
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‘Sectioa 77. Electron-Opticel Transducers 


res re eer eee eee Rees tee oe 


‘the naval photoelectric instruzents that pick up radiant energy, transfore it 


into electric energy, or change their own conductivity. In sose cases, the radiant 


“ energy of some portion of the apectrum must Le converted into the energy of another 
portion, e.g., ultraviolet or infrared rays are converted into visible rays. For 
this purpose the so-called electron-optice! transducezs way De used, 

Figure 128 illustrates the principle of construction of the electron-optical 


transducer. The transducer consists of a sexitraneparent photocathode aad screea 
@ 


costed with a fluorescent substance and serriag aa ths anode. The infrared rays, 


falling on the photocathode, induce the emission of electrons. These electrons ac- 


celerate their sotion in the electric field produced betceea the cathode and aacde 


"and, by Lombarding the anode, cause it to glow. In this way the infrared rays 


oh 


cethode are converted into visiLle radiatiss of the acreen. 


—strikice 


Vee intcasity cf luminescence of the fluorescent screea depeads ov the iateasity 


of the flux and the velocities of the electrons Lonbarding the screea. For this 


cS 


reuson, the iatensely irradiated areas of the photocathode cause a Lright lumines- 


‘ cence oa the screen, while the lesz intensely irradiated regions prodnce a weaker 


—lumirescence. 


Thus, by projecting on the cathode an image of an object in infrared 


~ rays, a visible image of thiz object is obtained oa the screen. 


The iaage will be 


_7 endistorted if the distrikatioa of the electron fluxds pmdaced by various parts of : 
- the photocathode (the electron image), 
-tocathode screea. 

. — | 


Special electron-optical focusing 


1s not distorted along its path from the pho- 


_ systems are used for focusing the electroa 


_ > beams betweea the photocathode end the screea. According to the type of such sys- 


-- tems, transdacers are subdivided iato the following grczzs: 


i 
gronps with uniform distritution of the electric field betweea the photo- 
\ 
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groups with magnetic focusing; 


- produced Ly peraanent magnets or electromagnets. S, stems of this type are widely : 


~ used in electron xicroscopes. 





groups with combined electrostatic ad magnetic focusing. 


eae oN ee 


The method of focusing by means of a uniform electric field, similar to the 


e d oO a a ween 1 - | , 


— 
C tocathode and screen to be small. With such focusing, an erect inage is obtained on 


a) : 
the screen. g I oe ' ae 


The electrons emitted by the irradiated points of the photocathode move tcsard 


the anode screen in parabolic paths. Impinging on the screen, they yicld an image 


_ no longer in point form, hut in the form cf a certain circle of confusion. If the 
Bay 





~ electric field is sufficiently strong, the diffusion is so slight that the image is 
a4 


+ 


“still distinct. However, close spacing of the electrodes and Che-intensification of 


Fig.129 - Helation Letween Anpliiication 
i Factor and Accelerating Potential 


..#) Aceccleratiag potential, kv; b) Ampli- 
- - fication fsctor 


__the field between thei is limited by the difficulty of manufacturing a uni fore 


Fig.130 - Electron-Optical Transducer 
of the Contact Type 

a) Senitransp 2rzit photocathode; 

b} Fiuoreacent screen anode; c) Casing 


~-eathode, by the increased photoemission from the cathode under the action of the 
Me 


- light radiated Ly ithe screen, and also by the 1ntensified luminous Lackground of the 


2 ed ents ot be 5 Smt ten 0 Bat Vine tha amesh® shgen noherien ott 6 det 1 hawene baal) dew ee 
“3 


talegm tie tet 


_ sereen, produced by the increase in the autoelectronic and dark emissions of the 

















i 
ra meet the following basic requirezents: ; 
( “eathode®. ; po a it must be a highly efficient transducer of electronic energy into visible : 
~ <a : t 
An electrostatic system of focusing electron beams consists of setal diaphragms — radiation and zust have a spectral cozposition corresponding to the spectra] : 
Fg) os i 
_ with apertures (electrodes). The electrostatic fields produced between the elec- | _— sensitivity of the eye; ; 
3 sea > 
~ trodes, due to their fotentiai difference, have the same effect on the electron | _— it must have a fine-grained structure, permitting a high resolving power; ‘ 
= oe i 
~~ beams as glass lenses have on light rays. Such electrostatic fields are coiled elec- — 2t wast have negligible sluggishness and nigh luminous efficiency. “ 
40 : oo . - . : ‘ 
_tronic, or electrostatic, lense.. — The irradiation sources of the photocathode generally have broad radiation q 
1 PR . : : 3 ‘ 3 
7 A focusing system of electrostatic lenses has several advantages over the for- — spectra; therefore the radiant flux is passed through a special infrared filter to : 
_ __.mer type of focusing system: possibility of turning the image, which makes optical — cut off the visible and ultraviolet rays. : 
” turning of the systew unnecessary; better quality of the image; and possibility of The electron-optical transdacer is able not only to transform invisible radia- t 
¥ ° 3. a ° ° = . = 2 2 s 7 
_.wsing wore powerful electric fields for accelerating the motion of the electrons. — tion into visible Lut also to increase the brightness of the image obtained on the 2 
S23 ~ ; oe ; ; - 
(.~ Magnetic focusing is affected by means of magnetic fields (“nagiztic leases”), = — screen. The intensificatios of the brightness of the image oa the screea cf the é 
aes _ : ; . : 5 
: fone ; -~ transducer, relative to the -rigntness oa the photocathode is characterized by the ut 
The dark emission as caused by the unirradiated photocathode being struck by Pf eee : 1 eed h ae yoo 2 
; long-wave infrared radiation, aue to the temperature of the medium surroundiag sn maby SERS OENGR SRC UAEE : “OSADECE ONS QW et eSteagy ot (pe uptecatiede isadiehs f 
the transducer, Se Sees *o 
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‘fluorescent screen, anplification still occurs beca 


~ = oe oe a eee eH 


electrons during their . -vel in the electric field between the anode and photo- 


* cathode. Figure 129 gives the curve of the relation between the amplification fac- 


. tor and the acceler 


Figure 120 shows one of the first designs of an electron- 





Fig. 131 - Electron-Optical Transducer 
with Macnetic Fecusing 

~ a) Body of transducer; b) Magnetic 

focusing coil 


Solid Photocathode 
2) Body; b) Photocathode; c) Lens; d) In- 
frared rays; -) Focusing coil: £} Anode 
(screen); g) Accelerating electrode 
double-wall glass jar with a flat double kot- 
Inside the body, a high vacuum of about 10-8 


~ 


C - body of the transducer consists of a 


tom. 


mp ig is created. The ‘oner sar- 


face of the bottom of the inner glass is coated with the translucent layer of the 
Ae 
'  __ photocathode, while the Lottom of the inner jar carries the fluorescent screea 


(anode). The constant voltage applied between anode and cathode is 3-10 kv. 
Jes 
fe. If the photocathoce is sensitive to infrared rays (for instance, 
We eaai as cathode), the electron-optical transducer will transform an invisible image 


— 


into a visible one. 


an oxygen- 


oe i 
as The sharpness of the image is increased and the resolving power of the instre- 


“ment is raised, in some designs, 

_a solid photocathode, irradiated from inside (Fig. 
Sto 

—, tivity of the instrument. 
5 


by magnetic focusing (Fig.131). Other designs use: 


132), which increases the sensi- 


A transducer with a solid photocathode ia addition to the 


— magnetic focusing coil for accelcrating the notion of the 


eee 


. electrostatic field produced by a special 


Re 


electrons, also uses 8a 


accelerating electrode. oad 


use of the energy acquired Ly the’ 


ating potential {che potential Letween the anode and photocathode), 


optical transducer. The 


Fig. 132 - Electron-Optical Transducer with: 
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— Fimire 133 a schematically shows an elect 





Oe nee ee 


ron-optical transducer with clectro- 


- static focusing systeas, consisting of several electrostatic lenses. Figure 133 b 
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» 





x Fig. 133 - Electron-Optical Transducer with Focusing System of 
Several Electrostatic Lenses: 
= a- Schezstic arrengement; b- Si-plified optical analogy; 
+ a) Photocathode; b) Inage of object in infrared rays; c) Elec. 
; trostati« lenses; 3) Fluorescent screea anode 


shows at. optical system ~hose action on light ray 


3S is anelogous to the action of an 


electrostatic focusing systss on electron beams. 


*} pe 


we % 


=) 


Fig.134 - Two-Stage Electron-Optica! System with Semi - 
tcansparent Photocathodes 
a) Photocathode; b) Screen of first transdncer; 
Second transducer 


c) Screea of 


| 


To a cultistage electron-ontical system (Fig.134), two or more electron-optical 


transducers are connected in series. The image obtained on the screca of the first 


ays 


.. transducer is transmitted to the photocathode of the following transducer, The 


can be fed in pcralle) from a COMmmon source, i 


ete. 
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; Occasionally, secondary electronic amplification is used to 
. tivity. In this case, the eiectrons emitted by the photocathode are first focused 
“on an electrode yielding a secondary electron emission; the secondary electrons are 


then directed onto a fluoresrent screen. ‘The principal disadvantages of systems 


( with secondary-electron amplification is the poor image quality and the complex de- 


Sign. 
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CHAPTER IX 


NONSELECTIVE INCICATOKS OF INFRABED hAYS 
~ Section 78. Types of Monselective Indicators 


adicators of radiant cnergy in chick photoeffect and luszinescence are utilized, 


have sensitivity only in the short-wave portion of the infrared spectrum, up te 


wavelengths of 5-7 u. Thev are, therefore, unsuitzetle for measuring radiant energy 
“- an the longer-wave portion of the infrezed spectrus. 


For this reason, so-called nonselective indicators sre uzed in practice. Their 
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t Seasitivity remains constant over a certain, rather wide portion, of the spectrus. j 
“2 hemal indicators, Eased ca the principle of transformation of the energy of ia- 

“LL. Seated rays into therzal energy, may be used as such indicators for the infrared re- 

: Teplone To produce a thermal indicator witbozt selectivity, the surface of its sensi- ; 
“ee element must have an absorption factor that iz constant for a given portion of ; 
4_ the spectrum. Platinua black, carkon black, acd other substances with a high coef- 

7 ficient of absorption for infrared rays, are generally used cs coatings for the ; 

‘ > uaener tive elements of thermal indicators. : 

Se The following types of thermal indicctors are used in practice: therwocouples, ‘ 

‘  bplosekara, thermistors, optico-acoustic and pneusatic indicators, radiometers, and j 
iuion Ceo vadiouctets: Since the principle of operation of « aumber of thermmoindi caters i 

C) > ia based on utilization of thermoelectric phenomens, we will first review the funda- i 
7". meatal. lava of therroelectricity. ee - 
oes 
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T Section 79. Fundamental. Laws of Thermoelectricity 


a ce ert eernemn ees men ane ween ee fs eres nee moe men wee 


When a junction of two different metals or alloys is heated, a the rmcelectro- 


%, 


et 


motive force (temf) is picduced. Ina closed circuit, consisting of two different — 
—'metals or alloys coupled to each other, different temperatures of the junctions 

C / ~cause a temf to arise which produres an electric current in the circuit. The value 

7 of the temf depends on the type of metals coupled and their temperature difference. 

= The electron theory of metals explains the formation of temf by the yeriation . 
‘in the concentration of free electrons, due to the temperature difference: The elec- 

~ trons move from the more heated portions to the cooler portion. 

According to this theory, the value of the temf becones 
a. 


ee N 
xk Na 
=. ln — {iT - T,) 
3 sa 


- twee 


(166) 


a 
Peas 


_ where K = Boltzman constant, equal to 1.38 * 10°'6 erg/deg; 


= e = charge of an electron; 


gets hoo 


{ way ; . ; 
oy * is N, and Ng * number of free electrons in 1 cm® of the thermocouple material; 

athens 

T, and Tz * temperatures of the juacticns. 
Mees . [ : 
a At minor temperature differences Letween the junctions, it may ke assused that 
| ge 
oo E, * aT, - Ty) (167) 


ta 


__ where a * a coefficient characterizing the properties of the junction; 


S T, and T, * temperatures of the junctions. 
ons In a circuit consisting of several different metallic conductors, a temf is 


— created if the temperature of the junctiogs differs. When the circuit is brokea, 
: a the temf becomes equal to the algebraic sux of the eaf of all the junctions. Two 
oe dietenant nauckore, coupled together, form a thermocouple. 

. 2 Critecinn a new conductor in the circuit of a thermocouple does not changs 
Ghiso oe 


‘ite emf if the terminals of the conductor have ‘the same tenperature. The thermo- 
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electromotive force of a given thermocouple, corresponding to any temperatures of 


oot 


the two junctions, will not change if a series of other metals, at the sase tempera- 


a 
. 


= 2) r 


eee tee ne ee ee ee mens me 


ture as any junction, nre inserted between 


the slements of thet junction. 


Pe a Figure 135 shows an extreacly siaple 
‘ 
— h, i ts circuit for connecting an electric 
a I : fr measuring instrument to a thermocouple. The 
t, | 7° connection of the lead wizes to the therno- 


couple doez not change its teaf if the 


temperature of the terminals of these 


Fig.135 - Connection Diagram of Electric 
Measuring Instrument to Thermocouple: 
a- To the junction of the thercocouple; 
“ be To one of the electrodes of the 
thermocouple 


leads is the save. Usually lead wires are 


used, which differ little in their thermo- 
electric properties from the wires of the 
thercocouple. 


The direction of current in a thermocouple depends on the combination of its 


materials. For exanple, in a thermocouple consisting of Lismuth (Bi) and anciazony 


(35), when the juaction is heated, the therrocurrent flows from the biszuth to the 


I, 5t % , 4 I 
~ Sb » 
*. 42h els 
e Fig.136 - Direction of Currents ia the Thereocouple Bismuth- 
= Antimzony at Various Teaperatures of the Junctions 


omy 


antimony. In a closed thermocouple with two junctions (Fig.136), the thersocurrent 


' " Likewise flows from the bismuth to the antimony in the junction having the higher 


© . temvneratere, 


Figure 136 a shows the direction of the current for the care when the tempera- 


- 
7 


‘. ture T, of the junction A is higher than the tewperature Tz of the junction B; how- 


2’ ever, if the temperature of the junction B is higher than Chat of the junction A 
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(Fig.136 b), the current will have the opposite direction. ~ 


All watersals used for thercocouples may Le arranged in a serses in which each 


1228 

1063 
12320-1280 

90 
ot 
91 

108 

3000 

i 


given material is more positive thar the Preceding one. It is customary to consider 


9.8 
19,1 
7.85 
12.25 
6.8 
8.9 
8.8$ 
Le 
8.4 
8.98 
9.0 


22.42 
8.04 
8.4 


Gravity, 
g/cm 
2.0 
8.5 


the material toward which the current flows in the heated junction as the ROLée posre 


Specs fre 


tive material. 


The thermoelectric series given below consists of pure metals, a few slloys, and 


et 16°C 
ec! 
0.10S-0. 26 
0.34 
0.22 
0.14 
0.084 
0.26 
0.38 
0.85-0.94 


Theras! 
Conductivaty 


nonmetallic conductors and semicondvctors: (-) bismuth; copel; constantan; an alloy 


of gold, platinum, and palladium; colait; aickel, olume}: potassium; palladiua; 


sodius; aercury; platinum; carbon; aluminus; Magnesium; tin; lead; tantalca; cesium; 


0.2-0.225 


Specific Heat, 
cal, deyrhour 
0.093-0. 0% 
0.068-0, 072 


Piatinorhodius, thodium; aridius; zinc; silver; tungsten; copper; brass; gold; 


| 


manganin; cacmius; platinoi ridiun; wolytdenum; iron; nichrome; chrome; antimony; 


Silicon; tellurium; setenium (+). 


0,0464-0,0468 


materzals used for theimoccuples are characterized by the magnitude of the teaf 


Resistivity, 
obaa on? 
2 
0.025-0,0278 
0.0154-0, 0148 


induced ky thee ia a couple with pure platinum, 


0.39 
0.0006 
0.433 
0.435 


Table 34 gives the values of the tenf developed by various sutstances in a 


Table 34 

Temperature 

Coefficivnt, 
% 


couple with platinua, together with the values of the temperature coefficients, che 


resistivities, and a fey other physical constants of these therzocouples. 


The teal of any couple (per 1°C), composed of the materials shown in this 


bv/®C 


Table, is equal to the difference of the teaf of therzeccuples made of these mater- 


Force (in Couple 
with Pare Platinun) 


ials in platinum couples. 


Tharmoelects omotive 


. 
2 ae, 


Section 80. Characteristics o1 Thereocouples 


The most widely used type of thermal indicator is the thermocouple. 


Ca (t» 55%) + 


+ Za (te 45%) 


Thermocouples are characterized by the following basic pareseters: sensitivity, 


Mg 
04% Ca + 13% ye 


* 2RNi + 1% Fe 


Syabo] or 
Composition 
95% Ni + SK AD, Ba, Me 


efficiency, Sluggishness, and resistance. 


The sensitivity is usually evaluated Ly the ratio of the temf of the thezmo- 


couple to the radiant flux ancident on it. The absolute Sensitivity of a therno- 


element may be expressed in volts per watt (v/m), in microvolte per microcalory per 


ems of Materia! 


Jean (sare) 


Gald 


| 
| 
| 
| 
| 
| 
| 
| 


second (v/s: cal-sec), or in other units cf voltage and radiant energy. 
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flowever, such an evaluation does not take the size of the working area of the 


thermocouple into consideration, A thermocouple 18 therefore soxetincs characterized 
by its relatave sensitivity, which equals the ratio of the temf of the thersoccuple 
to the density of the wergy incident on its torking arca. In this case, the sensai- 
tivaty 2s determuned by the vaiue of the teaf developed by the therwoclectric cel! 
under the action of the radiant energy incident on it. 

The relative sensitivity is expressed, for exasple, in volts per watt per square 
millimeter (v-m?/w) or in aicrovolts per microcalory per second per square willi- 
meter (jlv-sec-ma’/it cal). In some cases, a thermocouple 18 characterized by the ef- 
’ fectyse sensitivity, which neons the ratio of the ebsolute sensitivity to its ef- 
fective area (v/w-me? or uv/p cal-sec-mm?). 

It 1s common practice to evaluate a thermocouple by its atsolute sensitivity ia 
cases where it is irradiated by @ concentrated flux «hose cross section 28 less than 
the corting (irradiated) area of the therwocouple. If the thermocouple, however, is 
in a diffused flux whose cross section 1s larger than the size of the instrument, it 
is preferable to use th> relative sensitivity. 

The sensitivity of a thermocouple depends on the material of the therwolayers 

_ and op the dimensions and shape of the working surface. The Jdiaensions and shane of 
the working surface of a thermoccuple are selected in accordance with its purpose. 


The minimum radiant energy at which the signai at the output of a therzocouple 


"is greater than the noise signe) or equal to it is called the threshold of sensiti- 


vity of that thermocouple. 2 
The sensitivity threshold of a thermocouple 18 limited Ly che voltage fluctu- 
ations duc to the thermal agitation of the clectrons, or to temperature fluctuations. 
The generated emf determines the sensitivity threstold of the therxecouple. The 
“sensitivity threshold likewise depends on the resistance of the therwocouple, its 


cae ° . ° . -§ 
_ specific heat, and its inertia or sluggisiness. The value ranges from 10°” to 


“+ 39°2* watts. 
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The efficiency of a thereocouple is determined as the quantity of radiant en- 
. ergy, incident on the therzocouple, that is converted into electrical energy. The 
“efficaency of thermocouples is very low (not exceeding fractions of a percent). 


A The anertia of a thermocouple depends on the rate of rise or fall of tha thermal 


oe 


enf. The core rapidly the tenf of a thermocouple reaches values corresp:nding to 
the energy 1ncadent on it, the smaller will Le its inertia. 

The thermal emf gradually rncreases to its final value, corres;onding to the 

radiant flux stciking the photocell. For this reason, the inertia 1s deterained by 


the time t taken Ly the thermocouple to develop an exf equal to 9, 90, or 95% of 


eee - eee eee RE eee: Oe ene 


the total (final) emf, which ix denoted by t¢ 5, TT, 9, OF To gg, respectively. The 


~ inertness values of different thersocouples range from hundredths of a secoad to a 


few seconds. 


The resretence of a thermccouple depends on its materia] and design. The value 


pic ishezeut soise and the selectica of the sessuring instrauseat to 


which the thermocouple is connected, are determined by the resistance. 


_ Section 81. Design of Theenc couples 


. 


ee The paraceters of a thermccouple depend mainly on its design. The sensitivity 


"= of a thersocouple rises with dami: ishing heat losses. 
as 
3. therefore, efforts are made to reduce the maxs and therwal yield of the thermo- 


Tn designing thereocouples, 


ae 
te 


— couple. For this purpose, the thermocouple is placed in a vacuum, which aleost com- 


pietely eliminates the losses through the gas, and might increase the sensitivity 


— 


aa by a factor of 20-40 (but it must be boree in mind that the inertia of the thermo- 


— 
' 


“*— couple is elso increased in this case). The significance of vacuum for increesiag 


— 


+” the sensitivity was first established by the noted Hussien scientist, Professor 


— 


¢ 


* -~ PN. Lebedev. 


Che 


. . If « thermocouple is wounted is 2 tube, the material of the tube or the wiedow 
4 of-the body cast be trenaperen: to infrared reys ie the working regioa of the spec- 
*"- tres. The working areas of therzocouples are covered by substances with a good ab- 
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0 Tite: . ad : . i — o 
‘sorption for these rays, such as metallic black, carton Lleck, or magnesia. 


G Let us consider the construction of a few types of thermocouples. 
The first thermocouple, 10 the form of a thervopile was built on 1835. It con- 


_ sisted of 25 pares of bismuth and antimony plates, stacked and connected in series. 






. — _ 
- \ —— 
ie ae Ne oe lo 
Z ees 1.-— = 
ple Oe ee =e 
ry, coon Jren 


; "  emeonee Constantan 





- Fig.137 - Thermopile cf Bismuth and Anti- 
mony (in ol}, 25 Junctzens Esch 2 * 
2 nm; Total Arca it0 mn*) 
a) Antimony; b) Insulating plates; 
c) Bismuth; d) Working space; e) Lusi- ' 
= nous flux; f£) Absorbing layer 
See 


Fig. 138 - Iron-Constantan Therno- 
pile (20 Junctions in all) 


>, The design of this thermopile is shown (for three pairs of plates) in Fig.137. The 
 thermopile produced a sufficient teaf, but nad a low specific sensitivity, since its 
. working area was very large (400 ma7). In addition, due to the large mass of the 
4u__ plates, the inertia of the thermcpile was high (14 sec). Mechanically, the thermo- 
1’ pile was of low strength. 
Later, 1n 1898, a thermopile was buiit of 20 iron-constantan thermocouples. 
| _ The thermocouples consisted of thin iron and constantan wirea, joined by silver 
,  (Fig.138). To increase the working area of the thermocouple, sheets of actal foil 


~ covered with carbor. black were soldered to the junction points. 
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P.N.Lebedev first placed a thermocouple in a vacuum, thereby considerably raisiag the 
sensitivity of the themroceil. The investigaticns Ly Lebedcv showed that at was of 
great préctical importance to piace the therzocouples in a vacuum when using fine 
wires, where the heat losses due to the thermoconductivity of the wires are small in. 
compar: on to the radiation losses. 


At firat thermoelements and thermopiles were made of thin wires or plates of 


telluriun, bismuth, antimony, silver, iron, constantan, and certain other metals. The 
: b 
| Co 
| = ; . 
: a) 


Fig. 139 - hibbon Vacuum Thermoelesent 
a) Ti.crnojunction 


Fig.19 - Thermo-Foil 
a) Unnatantan; b) Therwojunction; 
c) Pirectacn of rolling; d) Iron 


cy ¢ ' 


first theraoelectric cells had relatively‘ large mass and sluggishness. The working 


spaces of thermoelements, intended for spectrometiy, were made in the fore of piles, 
"and those for measuring a diffuse radiant flux in the forme of a plane sqnare, In 


“"meny designe, a special plate absorbing ube energy of the radiant flux was soldered 


__to the thermocoup:e. 


The object of reducing the mass of the eleztrodes and the working space uf the 
thermoelement led to the construction of the so-called strip t.ermoel ements. 


The thermocouples of such thermoelements are made of strip thermofoil. 


The 
vacuum thermeelectric cell shown in Fig.139 uses thermofoil of manganin-constantaa 
_ sheet lu ia thickness. 


A thermofo:] is made of two different metals. First, two relatively thin wires 


"are soldered together, #.g. iron and constantan or manganin and conatantan; these 


"7 are then rolled perpendicularly to the avis of the wires (Fig. 140). As a remlt, 


All junctions were ot 
( ~" on a single vertical line. This thermopile was used for spectrometry. Itz sensi- ( Las 
5) tivity was lower then that of the thermopile described above. 
. | Tha _navt_aten in the perfection of thermocouples was taken in 1902, whea e Beat Ton aa 





il 0.8 ta 1 p thick is obtained, from which strips of any desired 
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"width and shape are cut. 


Thermobatteries (Fix.141), or thermopiles, are sometimes assembled of thermo- 


‘forl. A thermobattery consists of weny junctions which need not cli be irradiated 


2 Ly the ancident radiant flux. The irradiated junc- 





tions are called working junctions, the unirradiated, 


free junctions. 


J 
] 
st 


Us Loo dbo ds 


Therwocouples cun also Le made by an electro- 


lytic method. In this cage, thin layers of two ma- 


COUT Le NT 


t 
— 


terials are alternately deposited throug a stencil 






<l 


le 


on a polished plate, in such a way that the dif- 


. ferent metals partly overlap. From the film so ob- 


*s 


7 Fig. 141 - Thermobattery of tained, strip thersocells or thermopales are made. 


‘Thermo foils: 


The thickness of the strips is 0.1 B. 


»  |+ Working junction; 2- Free ee 
; Rd . . In additica, thermocells are made tw the meched 
junctions 


of cathode sputtering and by the method of vacuum 


-~ 


~ deposition. ; 
. 


— 


The former method 1s based on the fact that, whea an electric discharge takes 
a 


oS place in gases, the positive ions gradually destroy the cachode. 


The sputtered ma- 


— terial is deposited in the form of a thin film on the sarface surreunding the 


3% 


~ cathode. The degree of sputtering depends cn the cathode material and also on the 


— 


“*— di scharge current and voltage az well as on the nature of the gas in which the dis- 


‘charge takes place. To obtain a film for a thermocouple, the material to be sput- 


- tered and the plate on ehich it is to be deposac-d are placed in a tube containing 


“- a rarefied gas, and a discharge is induced. The plate is then covered vith a thin 


* film of sputtered material, about 0.1 » thick. 


(a 


heated in an electric furnace to the temperature of vaporization, is placed in a 


The second method consists in an evaporation of metal in vacuo. 


The metal, 


“vacuum; above or kelow the metal, a mica plete or celluloid film, covered with a 


** stencil 18 placed, on which the vap)rized metal is depusited. The two metals 
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‘forming the therwocoupl<e are deposited on the plate through the stencil 31a sucha 

way that a thermoeclement or therropale is abtained. The thickness of the wetal : 
“layers oLtained by this method is very small. 

Bismuth, antimony, telluriun, nickel, copper, 2nd certain other aetals are con- 


ventional materials for thermocouples; sowetimes alloys, which produce a higher ther- 





. Fig. 142 - to1l Thersoclement 
a) Ricnuth; L) Tellurina: 
7 c) Gold; 4) Mica; e) Celluloid 


lig. 143 - teil Thesecopile 
a} Gid; b) Bismuth; c) Tellurium; 
d) Gold; e) Cellulozd; f) Vica 
cy 

moelectromtice force, ar? vaed. 


Contact with the electrodes of a thernocouple is effected through a layer of 


xo 


_ gold deposited by the same method at the ends of the electrodes. Leads are soldered / 


ies the gcid layer ty low-melting solders. 


j= 
In some cases, clemps are used for making the contacts. 


ads 


-— 


The foils on vhich metallic layeis are deposited have a thickness of 10° - 


“7 19-6 cm (0.1-0.01 »), while metal layers ccposited on these files are 10-* - 5 x 
_ * 10°° cm (1-0.05 u) thick. 


° “methods is very high, ood their inertia is jasigni ficaat. 


The siaaitivity of the:wcelcaeats produced by such 


& 
ty 


Thermoelesents of this type sere mace with one junction (Fig.142) or in the 


— 


¢€ 


C) oe form of a therzopile with several junctiona (Fig.i43). ‘ihe thickness of the cel- 


-_ ye wm we s 


~ lvloid base was 2 < 10°® cm, and the thickness of the metal layer applied was 


E198 cw, The total thickness of the center pertion of the thereoelenents vas— 


ee gad 10°S ca, i.e., avout 10 times less than the thickness of strip therwocvuples. 
x, 3 
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The sensitivity of these thermoelements (with amplifier) was as high as 2 * 

x 10°10 cal/sec-ca?, i.e., 30 to 40 times as high as that of strip thermoelements 
(cf. Fig. 139). 

In some thermoelements, aliovs of different metals which yield a higher thermo- 
electromotive force are used for the thermocouples. 

Such alloys include alloys of biswuih, antimony, and tin, e.g., an alloy of 
bismuth with 5% tin (95% Bi + 5% Sn) or of bismuth with 3% antimony (97% Ba + 3% Sb); 
the thermoeiectromotive force of thermoelexents made of these alloys x18 as hagh as 
120 uv/deg. 


Of such alloys, foils cr very fine wire (thickness dom to 15 uw) are usually 


i prepared and are soldered to a plate of thin metal foil, serving as the receptor of 


40 


? 


“ padiant er«rey. 

In addition to metals end their alloys, certara semiconductors possessing & 
hagh temf ere sometiacs used 19 mahing thermoelements; these include, for cacsple, 
selenium, whose tenf 18 equal to alzost 1600 uv/deg. 

M.A.Levitskaya developed a thermoelemeat in vhich one electrode was made of an 


alloy of selenium with copper and the other of pure copper. Selenium has a very 


‘ high resistance, but compounds of electrically conducting netals with seleniua say 


" have a rather high electric conductivity and are useful as thermoelements. The 


__ thermoelectronoti ve force of this thermocouple, equal tw 250 uv/deg is several times 


hee 
ee 


44 


{ 


° 
y 


“aa great as that of other thermocouples. 


c Table 35 gives the data of a fez thermoelenents. 


“Section 82. Bolometers (Bibl. 13) 


An indicator of radiant energy whose action is fased ow che variation in ce- 


—_— 


Sistance of the sensitive element, when heated by the absorption of a radiant flux, 









a 


ee 


eS OE Qe ree 


Table 35 


- —~ — 

> -is called a bolometer. . ~ 

2 = 

oe Cs -Bolometera, like elements, are widely used in infrared technology. A bolometer 4 
will measure variations in temperature as amali as 10°7°C and in voltage down te a _- 
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Data of Several Thermoelements 
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modulation of 
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The sensitavity of these thermoelements (wi th appli fier) was as high as 2 * 


4 ae 8 es 

» - ¥ 

x 10°! cal/sec-cm?, i.e., 30 to 40 times as high as that of strip thermoelenents ok 3 % zee 
(cf. Fix. 139). a site 
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In some thermoelenents, ailovs of Jafferent metals which yield a higher thermo- 


Sluggishaess, 
aec 
Q.08-0.04 


Such alloys include alloys of biswuth, antimony, and tin, e€.g., an alloy of 


| 

: 

' 
electromotsve force are used for the thermocouples. | cr, 
bismuth with S& tac (95% Bi * 5% Sa) or of biswuth with 3% antimony (97% Ba * 3% Sb); | 

1 
' 
\ 


the thermoeiectromotive force of thernoelexents made of these alloys 18 as hagh as 


bw pit 


tm 


Sensrativity, 


120 uv/deg. 
' 











Of such alloys, foils cr very fine wire (thickness down to 14 u) are usually 


0.55 
> 


Rec istence, 
ohme 


* ~ prepared and are soldered to a plate of thin metal foil, serving as the receptor of 
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In addition to metals ead their alloys, certaia semiconductors possessing & | S : ee * 2 
we i “. a 2 A “ . ° 
high temf are sometines used in making thermoelements; these unclude, for ecacsple, 2 2 g 3 Af x 
° ® > 
selenium, whose teaf is equal to alxost 1500 pv/deg. { SS os 33 
{oy a be e 
( M.A. Levitskaya developed a thermoelement in vhich one electrode was made of an ; | i 3 3 3 = & = 
; a) 43 
alloy of selenium with copper and the other of pure copper. Selenium bas a very | = = = 
y t rs 
> ; : : fe 2 
“high resistance, but compounds of electrically conducting netals with seleniia say | eae 2 3 
: { we! a 
_ have a rather high electric conductzvity and are useful as thermoelements. The ce ; ' a 4 ee 
cee = yi s 
_ thermoelectronotive force of this thermocouple, equal to 250 uv/deg is several times -t. t : i ; i a3 
ts : so e i 2 a ~< 
as ,reat as that of other thermocouples. x I j JA i & 33 . 
e aes 3 ¢ ¢4 
Table 35 gives the data of a fez thernoelements. aos . =» &§ 3 i 
iS Lo Xe 4g 233 
4 © ame a c 2 %; 5 
-Section 82. Bolometers (Bibl. 13) ie 2 Si 2 
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‘ An indicator of radiant energy whose action is fased on the variation in ce- es i “ 
sistance of the sensitive element, whea heated by the absorption of a radiant flux, 7 4 { . 4 i i 3 
= EN te = ts Ss 
3 is called a bolometer. : wana q i 4 2] 
4. -Bolometera, like elements, are widely used in infrared technology. A boloweter oe = s 3 i 21 < 4 i 
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‘yg 0 y and devect a radiant flux of powers duwn to 10°?* watt. 


The elemert of a tslometes senaitaye to radiont tlux (the receptor area) 12 


made of thin layers of various metels, semiconductors and dielectrics, the layers of 


Table 36 


Characteristics of Certain Materials Used an Making Bolometers 





i ae 
Naterial Resistivity Resistavaty Tesperature Coefficient 
at O°C, at 18°C, of Resistance & of 
oles-on ohms- oa Thin Loyers at 18°C, 
\/der 



















Platinus 9.8 x 108 | 16 5 * 10% | + 0 0039 
Gold 2.06 * 108 2.21 x 108 +0 004 
Nickel 6.6 x 10° 7.35 x 106 + 0.0063, * 0.0067 
Iron 8.9% 106 9.9 « 106 + 0.0065 
Tungsten 4.89 x 108 | 5.32% 106 | + 0.0046 
Pisewth 109 x 10% lie x 106 - 0.0045 
Antiaony 36.3% 108 | 29.8% 168 - 0.0047 
Teliurium 15.9 * 106 17.5 * 108 - 0.005 
Copper oxide 3.3 x 10916 | - 0.033 
Oxides of Manganese, 


-0.9%6, -0.05 
nrckel, and cobalt 


’ the material ranging in thickness from fractions of a micron to several microns. 


The sensitivity of a bolometer depends on the value of the thermal coefficient of 


resistance of the materzal of the element, 50 that better results are obtained by 


using substances with a high temperature coefficient of resista.:ce. 


Table 36 gives cc7parative data for a few materials used in making the sensi- 


tive elerents of bolometers. , 


The bolometer usually operates on a bridge circait fed by CC or AC, shea con- 


_mectec to one of the arms of the bradge as shown in Fig. 144. 


In this diagram, H, denotes the resistance of the sensitive element of Lolome- 
| ter; Hy. Rg, Ry are the resistances of the remaining erms of the bridge; I is the 


total current; I, the current flow:ng through the boloreter; I, rhe current through 
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0- erie alee, Eon 


‘che cesiator, Y the explifser; kK, the re«zstence of the sessuring instrument. 


If the sensitive element 18 sot irradiated, the bridge is 1n equilibrius, and 


the pointer of the pessuring inatrument connected to the output of the amplifier 


) 


3 + a 
VS %, 
» & 
—t \S) 
ra 6 
— 4 
1 3 6 | 
Ge 


& 





tig.i44 - Bridge Carcuat of Connecting Fig.145 - Compensation Eridge Circuit 
Folometer of Connecting Bolometer 


a) Flux measured 


does not deflect. (Qs irradiation cf the elexent, its reszstance R, varies, the 


balance of the Lridge 18 dasturb:d, and a current fixed ty the measuriog instrument 


~_ the fced current. 


my 


s. A circuzt with one boloneter, az shown in Fig.144, is sabject to the in flusace 


j 
j 
4 
| 
3 
} 
_appears. The sensitivity of the Lolometer depends on the value and direction of 
_ _ of fluctuations in the aebient tcapecature and in the tempersture of the feed source, 


. __shick may lead to unbalanciag of the bridge, even without irradaating the Lolometer. 


4.__To exclude this influence, a compensation bridge circuit with two bolometers is used, 


“connected as shoen in Fig. 145. 


Whea tbe ambient temperature varies, both bolometers 


. have the same variation in resistance, so tha. the -alance of the bridge is not dis- 


: ~_turbed. When the feed voltsee fluctuates, the change in the cumeat produces the 


ta 


sane change ina the resistance of both bolometers, and ihe balance of the bridge is 


“maintained. The measured radiazt flux is foczsed on one boloweter, whose resistaace 


varies, and the bridge is unbalanced. 


biG! 


Sada A toloneter with xaxinum sensitivity to infrared raya must be able to register 


cs 


ec, very sua)] varistions in teeperature. This may Le accowplished if the energy losses 


74 ae STAT 
193. 
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0:2: Oni2o% 
~ due to thermal conductivity are seduced to 4 minimum, by placing the keloreter 1a e level prodaced by the thermal agitation of the ditctiivcs:. : 7° 
~seuum. In this case the s:nsitivity increases Lut so does the inertia. In cases ' . The inertia, defined Ly the time constant *, characterizes the rate of change 
where a low inertia is required, the sensitive element of the Loloncter ia pivced in : ‘f resistence of the volometer and, consequently, also of the voltage drop across 
. a tube with air; air is a good conductor of heat away fron the element of the Lolos- : _.it, under the action of radiaot energy. the inertia or slugzas'.e8s represents the 


( eter and thereby favors a rapid restoration of the elezent’s own temperature within , tine necessary for the change 1n voltage drop across the Loloseter to reach a cer- 


a short tine. Depending on the type of materiel used for the sensitive element, Lo- tain value (usually, 50%) with respect to the #xim0n value produced Ly the cor- 


lometers are subdivided into three types: metallic, daelectric, and tenic nductor. resnondyag radiant. flox. then a modulated redisst flux is icing reasured, the in- 


Moe me ew we ee 
‘ 


_ ertia characterzzes the variation in sensitavity as # function of the frequency of 


the radiant fiux, i.e., 1t becomes the frequency characteristic. 


Section @3. Cuuetruction of Folozcters 


_ 





tletal Boloseters 


K 
The materzais used for the sensitire clecents of metal bolcoseters arc platinuy, 








" 2 (od BES SS ee, 
att + S450 dx 0 5199 G2E)K0 200 : 
- cs 


t 

oS 
ie] 
e 
a 
& 


gold, nick2], antimony, bismuth, and certaza other wetals. These cetals are used ia 


when oss = tenths of = eieran thick) of of 2 file (of thick- 


Fig. 146 - Felation between Sensitivity Fig. 147 - Frequency Characteristacs of the 
of Bolometer and Current Bolometer 
“ g) Current, wa; b) Sensitivity, v/v a) Modulation frequency, cps; b) Ssns2ti- 


() 


- ness dom to 0.C5 u} deposited by cathode sputtering on a than base of wica, oitro- 


nae : ‘ cellulose, or other noncondacting eaterial. Electrode: of gold are deposited on the 
Vac = vity in relative units ~ 


“7 metal forl and the film itself, to ixzprove its at rption of radiant enerry, is 


“ 
~ -"blackered with a special coupcsition. The sensitive element of the boloseter is 


2 ° 
~~ placed into a tube from whach the air is exheusted to a certain vacuum, or inte a 


sa 2 _ The superconductor bolometers occupy a special place. Their sensitive elements are 
' made of a metal or a semiconductor. 


tng oe The principal characteristics of a bolometer as an indicator of infrared rays tC ke filled with hydrogen at e certaic pressure. The tube, or the body of the bo- 


* ‘are its sensitivity and its inertia. lometer, has a windcw of a material transparent ta infrared rays. 


_ ¢€ m fs The sensitivity of a bolometer is cheracterized by the ratio of the voltage The total seasativity of a toloseter e with an Juluted radiant flux say be 


‘ _drop variation across the bolometer due to variation in the resistance, to the ra- determined ty the forsale 


diant flux falling on the surface of the sensitive element. Sensitivity 18 ex- 





srk 
— caries ‘ * . , 4 A 
3 r - pressed in volts per watt (v/w) or in microvolts per micracalory per second : _ 4U . hay : {e/w] (168) 
as j -  (uv/u cal-sec). The sensitivity is proportional to the temperature coefficient and oe 


(iS eo Tas 
= 


4 7-4 


¢ 5‘ to the applied voltage, and inversely proportional to the area of the sensitive S¢.where-AU-" magnitude of voltage drop; 


et 


c " elenent. The magnitude of the threshold sensitivity is determined by the noise -.-- @ * coefficient of absorption (degree of tlackness) of the coating; 


a ~ STATI 
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ne 4 * radiant flux; - — \ 
@ * texperature coefficient of resistance of the Lolometer pwatersal; ‘ 
i AK, * magnitude of escration o% the Loloweter resistance; 
AT © terperature chance of the Loloneter under the action of rediant flux; ) 

S * area of sensitive element; a - 
I = current flowing through the tolomete:. | 

It follows from eq.(168) that the sensitivity 1s directly propcrtional to the 

current flowing through the tolcseter. This 1s illustrated in Fig 146, which repre- | 
° sents the relation of the sensitivity end the current for a vacuum toloseter with a 
a Table 37 : 
i Basic Data of Several Metal Bolcmeters | 
2 Tame Coostant, Seasitinty Working Resistance, Sensitivity | 
at Zero Area, obas 
ce Freemvency, =a? 
i 





__. sensitive element of tungsten. 


oA 


The diagram shows that, at a current of 1.75 * 


_ * 10°72 anp, the sensitavaty reaches 1.75 v/watt, and constsatly and linearly 10- 


n "creasing with the flux. 
AS 


_ In a bolometer with a metallic film of gold, the sensitivity threshold is equal 
_ te 10°? watt, the sensitavity amounts to 4,35 v/watt, and the timc constant is 


= 3.8 millisec. A gold bolometer can operate under a modulated radiant flux. The 


he frequency characteristic of this bolometer, filled with hydrogen under a pressere 
4 


“of 20 mm Hg, is given in Fig.147. The diagram shows that, at irradiation fre- 


[anaraemmncares SE OArona> de \atn NAD eller allitesisl Shades inadbllbicie wieder etaceremraadies 8 Rib wets naanmmare—umnncres © = 





eae poeta 
2 Eel 


: __ to 10°® watt. 


- of a frequency up to 3 cps. 


ae jor each ]*C, these Loloucters have a very high sensitivity. 
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quencies of alsost up to 4 cps, the sennitivety resains constant and decliaes 
szoothly only cn further increace ia the fzequency of the flux. 
Tatle 37 eives the Lasic data for several retal Lolozeters. 


These data indicste that a coloseter of gold 3s preferatle. Ie has the swallest 


thresho!d secastivaty (10° watt), sod a high sensitivity (4.35 v/s), at low asertia 


"(3.8 © sec). 
Melectric Boloreters 


Figure 148 scheratacally shows the dcsign of a dielectric Lolcaeter. The sensi- 


- tive elesent of the bolometer ss the film (1) of nitrckenzene or cellcphace, oa 


4 
. 


> 


which, on Loth azdes, the gold electrodes (Z) are 


deposited. The thicknezs of the nitrobenzene file 


is about 5 x 10°* om, and that of the cellophane 


z fils about 0.02 me. The frlem wath the electrode is 

-- Fig. 148 - Arrangexent of 
Dzelectric bolcexeter: 

a l- Nitrobenzene film; 2- Elec- 

trodes; 3- Attachment 


attached to teo Lases of copper. A drelectric ba- 


loneter, with its sensitive elexent aale of a nitro- 


os benzese file of an area of 0.5 cm? and a resistasce 


.__ of 2000 ohes, has a sensitivity of about 300 v/w and a sensitivity threshold equal 


The dielectric Lolozeter can operate with a modaleted radiant flux 


" Sesicondacter Bolometers 


Boloseters of this type uve layers c{ searcondoctors as the seasitive clemeat, 


> 


— e.g., a film of copper oxide or manganess, nickel, aad cobalt oxides 1.5 * 0.3 = 


— 


-- im site and 2 * 30°72 — 10°2 am ia thickaess, shich afe applied on a glass or quartz 


— plate. 


Sezi conductor Loloweters caa operate not only 1a vacuo bat also ia air. 


— Owing to the hagh tevperature coefficient of resistance, which anornts to about 0% 


For exemple, the 


seanitivaty of a cuprous oxide toloneter 1s 14,390 v/eatt at a potential of 1000 v 
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nel 


~ and an imbient temperature of + 46°C. 


The sensitivity of sewiconductor Loloweters aay be determined by the forouls 


& 


1s : 
ial (l-¢ >) v/w 


eS 


€ 





(169) 


where U © vo)tage across Loloneter; 
AT © tea.perature rise on irradiation by the flux % 
5 * working area; 
L * time of action of radiant flux; 
b = @ constant. 


It will be seen froaw eq.(169) that tbe aensitivity increases Ly en exponential 


_ law. 


If, for exaeple, a Loloxeter of manganese, nickel and cobalt oxzdes has a 


Table 38 


Characteristics of Seziconductor Bolometers 


Tine Conetant, 
Millisee 


Sersitivity, | 


Working | Resistamwe 
Area, obm 
pax? 


Sensitivity 
Threshold 


v/w 


25.5 x 10°10 
105  1071@ 
1.14 * 10°10 
2x 1078 
6x 10°8 





| sensitivity threshold equal to 2 * 1078 watt, at a frequency of 26 cps end a time 
constant of 3s sec, then a teaperature change of 2 * 10°S°C will cause its re- 

~ sistance to chenge by 9.3 ohm, resulting in a change in voltage of 3 < 10°§ v. 

7 Table 38 gives data of a few seniconductor tolometers. 


The Table shows that the saallest time constant is obtained in tolometers of 


o 
- AACN IE RNS TURN Htattcet as athlete inietdertien futihe Betehdd adios tices ahead Yishcitneuteinameliie th tienen a tes te any Eaboetetals maatnemetes diireitinht ime © Cada alannah traits en? “Se sicermmannen me mranses om Cut Anta? © . 


cobalt, nickel and manganese oxides, which possess a high threshold and tots! sensi- 


tivity. Boloazters of copper oxide have a very high sensitivity Lut also a high 
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inertia. 


Supercuscucting Poloceters 


The operation of superconducting tolcueters 13 based on the phenovenon of 


supracondsctivity At sery loe tesperatures, close to absolate zero, the resistance 


ef certain materials crops to a few tenths of ax she, and, consequently, their con- 





0 
R3} aftr R33 


— Fig.149 - Supreconcuctivaty 


Fig. 150 - Arrangerent Fig.151 - Felation of Seasi- 


of Scperceedcctisg tisztiy of Colometer to 
Bolometer of Colorbian 


A2tride 


low Texperatures 


Teapecaiure, 


Tize of Irradiatioa 
*K: 


Fesastence, ohms 


2) Tiz: cf irradiatica, 
giilisec; £) Sensitivity 
in re'ative vaits; 

c) Noise ts 
d} S$-10°* » watt 


-% 
=) 
k) 


owte 
ewes 


- ductivity sharply rises. 


-_akruptly, greatly increasing the searitivity of the boloueter. 


The terperature coefficient of resirstaace iacreases 


To wake the sensitive elenents of supercondecting bLolometers, teatalus is used, 


in which sepraconductivity starts at a texperatuzve of 3.22-3.23°K (-269.18 to 


S -269. 17°C) or coleakium aitride, in which supracondactivity starts at a texuperatere 


~of 14.2414. 38° (-258.66°C to -258.62°C), as dexonstrated ia Fig.149. 


__ 


The principal difficulty ia tarldieg superconducting Loloacters of taatalus 


_ — is the necessity of constructizg apparatus for obtaining the extresely low teapera- 


— twres and for accurately waiataiaing the constant tezperature of the transition 
72 





? peint to supraccnductivity. It is siepler to build supercondactiarg Iolometers of 
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~ coluabram nitride, since they do not require cooling such extremely low tempera- 


tures as tantalum bolometers co. The arrangesent of 2 colsebies nitride super- 


Table 39 


—- oe 


[ 
‘ 
agtcaeneat eam nate tials | RAO RR 


Data of Scepercenaccting Boloweters 







conducting bolometer is schematically shown in Fig. 1. Qn a copper tase (Cu) a 


sensitive element consisting of & coicvabive artride strip & 5 sm long, 0.5 m@m wide 


ane 


Area of Sensitave Sensitivity | Tame Constant, Vocalation Frequency 
Element, um | Threshold Mi llisee of Rediant Flax, cps 3 
Watt ‘4 
Le \3 
0.7 42 x 19°10 0.9 : 
1.6 is x 10°20 0.8 | 
430 x 30718 1.7 : 
1100 = 10°!¢ 4.2 ; 
5x 10°18 0.5 | 
; 10 = 30°10 0.3 | 
} 
j 


and 0.025 mm thick, prepared ty heat-treatin,; coiumkiu: in an axmonia jet, 18 
cemented by bakelite warnish. 


The sensitive element is placed 1n the vacuua tube S, which is connected mth 


STS Eis ileal 


a cooling chamker (cryostat), filled with a mixture of liquid nitrogen and hydrogen. 
_In this chanber, a temperature of about 15°K is maintained. 

Superconducting hoioaeters of coluabium nitride have good physical properties. 
fe Figure 151 shows the relation of the sensitivit~, expressed in relative units, to 
: the time of irradiation of the bolometer by a radiant flux at a frequency of 13 cps. 
_ The diagram shows th \e sensitavity reaches its maxiwum value withia 1 aallisec 
~ and half of this maximum value within 0.3 aillisec. Thas the time constant iz very 
~ small, 
Table 39 gives a tea data of superconducting Lolomcters of colusbium nitride. 
ee It will be seen frow the data given in this Table that superconcucting bolome- 


_ ters of colusbiua nitrite have considerable advantages over other types of bolome- 


ters with respect to time constant, senartiwity threshold, and allowable modalatioa 
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frequency of the radinat flav 


Sectioe 84. Therorstors 





In recent years, consideratle attention has teen par! to seziccnductor resistors 


and the fo-aitality of their use 38 technology. The hagh ne,pative texpecauire coef- 


Table 40 


Characteristics of Materzrais for the Peaoufactcre of Therzzstors 





- KNote. 0 wae seasured at temperatures of * 20°C, and 


“~ ficaeat of resistarce and the low electric conductirtvr, forserly considered draw- 


' dicetoz, vhich was givea the nase of thermistor. 


seail variations in tesperstare. 


a, 1a the interval from * 16 te ” 20°C. 


__ Lacks of semiconductors, was used as the basis for developang a semiconductor ia- 


The thermastos atalizes the 
property of certais semicondac’ing materials of sharply varying their resistaace at 


The adventage cf the theruistor as aa jadicator 


_ of radiant energy over the therroelecent and the toloseter 13 its sieplicaty of 


_ wanofeacture, and its greater durability aad stability 1a operation. 


TaLle © gives the raines of the electric conductivity © end the tesperstere- 


coefficient @ for natermals from which thereistors can bo bere. 


STAT 
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Table 40 shows that the oxides of various cetals ave the principal materials 
used for thermistors. Thermistors are made }y wixing certain oxides in powder form. 


The resultant mixture, after adding an orgunic Linder, is spread in a thin layer on 


_a plans plate. The plate is dried end hestcd to evaporate the binder, sad is then 


tronted at hagh tecperatures until the mix- 


( Table 41 


turo changes into a hard sass. To obtain 


Resistance of Uranium Oxide 


Theraistor as ea Fur:tion of contacts, the ends cf the plate are coated 


Femperecuse with a setal paste which is herdered by 
firing. Leads are soldered to the con- 
tacts. The thickness of the sensitive 


layer of a thermistor ranges froa 0.001 to 
0.004 cm, the length of che plate froa 
O.1-) cm, and the thickness from 0.92 to 
9.1 ca. 

The principal characteristics of the 


thormistor are as follows: 


Volt-aaper characteristic, indi- 





cating the relation between che 


value of the currert flowing through the thermistor on the applied voltage. 
Dissipction constsat H, representing the relation between the power input in 
watts, dissipated in the thermistor, and the rise in its tewperature as a re- 


sult of this dissipation (in °C), by comparison with the ambient tezperature 





oe H*= av/*C (170) 
J In- ‘ 
‘ 
( ee where P © power taput; 
ys Ty * temperature of thermstor; 
s* T, * anbient temperature; 
: The pouer sensitivity, €, is the nuober of watts which must be dissipated t 
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reduce the sesistance of the thererater ty 1%. “This quantity is deternined 


frow the relation 


wee. (7) 





‘ Tise constont tT, the tice necessary to vary the tecperature of the thergistor 


The 


Ly 63% of the difference Ty - T, at the inatiral instant of seasurezent. 


current constant oay also te defined Ly the foraula 


(172) 


_¢ 
= sec 
Hi 


where c * heat capacity in jyoulez per degree C (j/dea); 
H * cissipacion constaat. 
Lepenting on the dinensions, density and specific heat of the material, the 


. time constant of the theraastor may very fron 10°3 sec to 10 mia. 


Thermistors, like toloweters, usually operate on a tricge circuit. The sensa- 


{7 __tivaty threshold of the thereistor may te as low as 107% watt. 


Let us consider the characteristics of certain types of thereistors. 


”” Ureniun Oxide Thersastors (Bib1.14) 


B.T.Kolomiyets proposed heat treatment of uranzos oxide in hyarogen to build 


. ~thervistors of uranium oxide. The rinstramects obtained as a result of such treat- 


toe 


ment possess good electric conductivity, et act} disensionsa and iow tine constant. 


- Since air has a disintegrating effect on uranium oxide, 


~placed in an exhansted glass tube. 


- Table 41 gives the values of the resistance hy of a uranius oxide tkhere1stor 


the thermistor gust be 


_ - as a functioa of the astient tenperatare t. 


7 


we ~~ 


The table shows that the resistance of a thermistor drops with iacreasiag 


_ 7 temperature. 


or] 


The relation of the curreat I_ to the spplied voltage Uy (volt-aapere cnarace 
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teristics) 18 charncterized by the data piven in Table 42. The table also shows 


that the thermistor has a sluggishness whose value as determined Ly the time interval 


Table 42 


Helation of Current Iy of an Applied Voltage Uy for « Uranive 


Oxide Thernistor 





Ir. ms 










pcre | 





ES AS LT 





15 | i |» | 35 | 45 
5.0 | get. €0 |. 68 6.8 7.2 
8.2 11.0 17.5 40.0 100 

20.0 100 


100 


after connection. 


Therristors of Manganese Oxide and Nickel Oxide 


Figure 152 gives the volt-aspere characteristic of a thermistor of manganese 


oxide and nickel. At a defiaite value of the current, the voltzge reachcs a paxisus 


o 13 





: 2. « aé 8  ®.; 


Fig. 152 - Volt-Acpere Characteristic of a Thermistor of Naagenese 
Quide and Nickel 
a) Current, ma; b) Applied voitage, ¥ 


value and then, despite a further increase in current, decreases so that the re- 





a 
io oO 


f 
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sistance of the thermistor h . Fr ieccaes negative. 
The ouster om the curve gives the values of the difference Ty - 1,, expressed 


in centigrades. 


Tatle 43 


Relation of the Yalses of B and 2 of a Taerwistor of Waueavese Ox:de 


and Nache! to the Texpereture 


Texperatcre Goeffiaert a, 
% per YC 















Pesistence of 


Tecperatere of Thermstor, 
! 
Therm stor R, | 
| 


Ty. °C 






chase 






awe nee ee 





7 -25 560,000 6.1 
: 0 145,000 -$.2 | 

: 3 Sh ED 4.4 

= sp | 16, 400 -3.8 

‘ 75 | 6,700 -3.3 
*- ct 3,200 -3 

; | 250 830 “2.6 
200 | -2 


: 305 
| 275 | 310 -1.5 
- the product UT * INT, - 3.) rxivca the power dissapaced. The dissipation constaat H 


— cam te determined readily frome the curve for tke poiats at which the values of the 


— differeace Ty - T, are given. 


~ Table 43 gives the resistance of a theraistor of wasganese once aad nickel, 


—~ and the texperature coefficieat of resistaace 2, as a fanctioa of the temperature 


-- of the thermistor. This thermistor is able to record a change ia texsperatare 


— amounting to 0.0005°C. 


a The takle incicates that, at increasang temperatare, the resistance of the 


_ — thermistor drops sharply, and the temperature coefficient also dizirishes, althoagh 


‘} -- not so markedly. 


° 
2 


o A thermstor of stngenese oxide, nickel asd cobalt at * 25°C has the value 


: ‘a ~ 3.4. The diseapstion comstaat 18 H* 0.1] xe-ceg. The naxigma allowable 


-—< 


25 
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U 
For each poant of the curve, the ratio i gives the resistance, while 


-_ wn 


~—s ee mm le 


STAT 
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“temperature of heating 28 * 150°C. The time constant is less than } sec. the ree The Fadioneter 


si SOOC ches at U'C to $5 ohms at * 150°C. . 
ECE ECE san The radiosetric eifect 18 beset co the Sinetys croperties ul 2 rarefied gas. If 


laigte plates, tleckencd cs ose size, are attected to a snajl glaes and chs od 
as then suspended from cuartr threed 1a a tebe with rarefied air, réciant exergy 
strohace ike blackened sides of the slates url] Seat thes and e211] create ox useosal 


pressure cf the resacual gas cn the tso sides of the plates. The tlackesed sades of 


ewe 


the plates 11) te exposed to preesure, causiz, the red to rctate and terstiag the 


sospeosice thread. The angle of torsscn Jepesds on the puver of the radcsacst exeray 

Fig.153 - Characteristics of Stability of Operatioa of Therarstors: 

i- Oxide of aanganese and nickel; 2- Oxide of sanganese, aickel, 
and Cobalt 

a} Tsce io hours; L) Ghange io resistance, %, c) I Dav; d) ] Beck; 

e) 1 Month; £) 6 Montha; a) 1 Year; h) 2 Years; i) 5 Years 


87e § 9 8 7 8&5 


a 


t 
ooh a 
‘ z 2. o: . 

if * 
Figure 153 shows the characterzstics of operating stability of thergistors of 4 
manganese oxide and nickel (Curve 1} and of manganese oxide, nickel, and cotalt 

Fip.185 - Cragzvam of Vewngerov Optice- Fig.155 - Ciagram of Gptico-Aconustic 

Accastic Iadicater: ladicator: 
j- tadiatica scarce; 2- Apertures of l- Fadiatica source; 2- Infrared ravs; 
sod:letisag disk; 3- Vodulatiag disk: 3- Wodniatasg disc, 4- Bisdne- 5- Body 
— 4 Votor; 5- Fiscrite wiadoss; of chester; $- Meztrare ccated with 
$= Gaater; 7- Meztrene; 8- Wicrvphose; laver of carboa ciack; 7- Yicropbone; 
S- Meplifier: 10- beprotucer (telepbome) 8- azplifier; 9- Pepredcer (telephowe}; 
10- Motor 


(Curve 2), expressed in percent change of resistaace as % functioa of the tize of 


i 
| 
; 


operation, plotted on 4 logarithmic scale. It 18 
clear from the diagram that thermistors are exceptioa- 
ally stale in optratics. The naxs="= cuenges Im re- 


sistance tzke place in the first moath of cperation, 


$eo 


after which there is only a negligily slight varia- 


; --ynerdeat om the plates. The rotation cf the svster is geasared tw a rav reflected 


tior. 


_ 7 from a sirror attached w tke saspeasice thread. Padioseters bave Ligh seezitivaty, 
Fig. 154 - Oiagram of Section 85. Other Tvpes of Nonselective Indicators of . 


Sinrocelicwecer -tet the cocplexity of t)err desaga iinits their use to tke fzeld cf exact spectro- 


Infrared Kays 
«© Betric seasuresecats. 


a) Frene; b) Thermocouple; 
— ) Working space; d) Mirror Various nonselective receptors other thaa thermo- 


Cy -- Wicroradicneter 


elements, bolozeters, and thermistors, are used for recording radiant energy; these 


oe eee AUER een e here ENmhind Or: Adee Taetend Duthie nde thirteen it wastes tte G6 Onl tat © mo 


bor seasuritg seal] quaniisiics of rediaat esergy, aicrorodiometers are some- 


include radiometers, wicroradionetezs, optico: #.coustic aad pneumatic indicators of 


radanat enersy. 2= ieee esed. These coasist of a galvancceter eith < freve in the forz of a thermo- 


STAT 





et 











v 
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03.285 
couple ‘Fig. 154) 


:-4-ces a current in the frame end ceouses its rotation 1p the 


& powws 


On xrradiation of the thermojurc:on & thernoele taveotive force 


arises, whash wa mnetic 


field. The displaceaent of a ray reflected fros the mauiror 1s used for estinstiog 


the radiant energy falling on the hot junction. 


Pismuth, antimony, silver and tin are used as electrodes of the thermocouple. A 


receptor area of extrenelv thin blackened fori 18 sozetines placed on the tot juac- 


tion itself. The fraze bas © sic Ve s.nding of copper or silver wire. To cbtain a 


uniform and stronger sagnetic {ield an i1run core 18 placed within the fraze. 


The Optico-Acoustic Indicator 


The optico-acoustic pethod of analyzing gases and vapors was first developed kr 


Professor ¥.L.Veyngerov. The use of this sethed sut sequently led to his corstrectiog 


- an optico-acoustic poaselective iedicator of radiant energy. Figure 155 gives the 


diagram oi the optico- acoustic indicator, ax usec for ges ansilysis. The reciast 


flux from the source (1) passes throngh the openings (2) of the vodalating cask (3), 


window (5), strikes tke 


: - rotsted Ly the motor (4), and, through the fluorite 


- chamber (6), containing the gas (or vapor) urder 1nvestigatioa. lncer the actioa of 


- the interrupted irradiation, 






the pressure of the gas on the wentrace (7) (tia fort) 






of the mcrophone (8) varies. The electric signals produced in xhe sictophone are 








aaplified in the agplifier (9) and fed to the reproducer (10). Tke variazice ia 


--- frequency 


£ the current in the ticropoune circuit deprads om the sodalatioa ire- 


quency ana the cozposition of the gas. By ecans of such a system, fases and vapors 











may be inveatigated by vtalising their ability to atsorb radisat energy. 


Another type of optico-acoustic indicators (Pibi.15, constructed om this 


: principle, utilizes the variation ia pressure of a thin plate cated with a layer 


of carbon black, under the actron of interrapted irradiatioa. Figure 1% gives « 


( — 
- schenatic diagr 


- dxffere from thet of the gas- 


am of this optaco-acoustic indicator. The circait of this indicator 


analyzer ia that tis absorber here ia a layer of cartoa 








____*___sbaaeh coating the walls of the chamber aad the acalrase (5) (of getal foil). Under 





ED CO ae A TE COD Om aM 


eae ee rn cme - ere eememD eb een ~ 


ty 


- 
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: wodelated irredzetics 


-_ chester. The variation ia gas pressere ceforus the tila coverizg the chaster. Fros 


. Z gated. 


=e 


of the aver of caries black, wbe aleon Give, varvicg with the 


rodulatcon frequency. protaces an altersatscg preseoze 1a the cranter, actizg ca the 


¢) 


PxN 
Ey Ny 


3) 


fag.1:72 - Cnegren of Preasatic Medicare? 





Fog. 238 - Peeumatic Treraal Liéicator: 
te hodw of awlaceter; 2- Crmler of 
asdicater; 2+ Nsortisg fala, 4- Infra- 
red fitter: % Tedscatcr fils; 5- Gass 
wecge; “- Tere; €- Loser ciaster 


srzth Fairer 


a) Cosaker, &£) Fila; c) Fiter; ¢) thsdoe 


mest rane (6), etzrct az zecurded ts neans of the reprococer cr telepbose (5). 


“ru. 


Tr e 2 
Ne Peewsaetic Indicater 


12> : 
Tye chaszer cf sact as 


aes 


Figzre gives a diagram of a ;zeumatin uticater. 
indicator 18 filled with ficely crvided cartoaixed plaar fiter stici, om atsortiag 


_ radiant erergy, is heated acd cauves a variatics ia tte gressure .f Une ras ia tLe 


_ the degree of Jeforratica of this fria, tke valze of tke radzant flax can te esti- 
Sach svsteas of preumatic irczcators were fcend to Lave isadeqeate sensitivity 
~ and statiiitw, and therefore indicators of acotter desigs vere deveicped. 

Figure 158 shows anotter 2esign of the therual socmmatre indicates. The solid 
7 wetal tody contaiss the air- or gas-filled chaster (2). St cne end, this ckasber 
bs closed Ly the fils (2) whack alsusis tbe radieat exergy Stribizg it throegh the 
infrared filter (4). The catlet frew tke basier 1s closed ty the fils (5), shich 
Taos the fila (53 22 this ce- 
The 


STAT ' 


_ is Cefersed ender the actica of tke expancizg ¢as- 


Sigs is tke eleweat tbat iecords tte recasat energy atsorted tw the iadicator. 


<9 
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© . . . 
deformation of the indicator film (5, is observed Ly an interferometric device (the 


glass wedge 6). To equalize the preseure and return the indicator file to the neutral 


position after cessatian of irradiation, the slend.r tube (7), connecting the 


chamber (2) with the chasker (8), is used. The prensure in the chasber (2) is 


equalized through this tube in ) sec. 


The thick- 


The films ace prepared frow a colloidal mixture and are very thin. 


ness of the absorbing film (base) is only about 0.05 u. The fils is coated 


(“Slackened”) with a layer that ix a good absorker of infrared rays, ©.g. sntigony. 


The indicator film is not “blackened” and its thickness 18 still less, as ssall as 


photoelectric methods were 


0.03 u. In later designs of indicutors of this type, 


used for recorcing the deforwation cf the indicator fim. 


reflecting the light ray froe 


In this case, the indi- 


cator film was made in the form vf a flexible mirror, 


a special light source. The thickness of the hase of the atsorting film in these 


indicators ié as small as 9.91 u. The indicator fila likewise consists of a Lase 


of about the sare thickness and of an aluminun film, deposited on it as the re- 


{ {Lecting leyer. 
The sensitivity threshold of pnevsatic indicators is very high, reaching 


10°19 watt. The time constant Ty , is ssal}: only a few milliseconds. 


uw 
| 
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CHAPTER X 


AVPLIFICATION OF PHCTOCLBFENT ANE THERYCELECTFOUOTIVE FORCES 


Section £6. Purpose acd Classification of Arplifiers 


Tn practical use, the radiant energy to te recorded ty an indicater is fre- 
~ quently so ssall that it 14 difficult or even inpossatle to otslize it directly 18 
"various devices or rechanises. Is these cases, the radzent energy is first coa- 
verted into electric energy cad 1s then aspiified tv xcans of special asplifying 
circuits whose Lasic element is uscally as electsom tube. 
The transforgation of radiant energy 15 accomplished ky seaas cf various radi- 
: cators, shose react:oos depend on tke velve of the radzant enerev picked up. Since 
.__ the radiant ererzy 13 swall and its conversioa takes plece at low efficieacy, the 


~ electric energy cbtaiaed 13 also very ssall. High wzplification must therefore Le 


~ used, which in some cases reaches huadreds of thousands or evea hanoreds of arllioas. 


ae: The pareecters and characteristics of the acplifiers aest corctspend wo the 
~ character of the radiant energy received and to the type of indicators that coevert 
the radiani energy into electric energy. 
The asplifiers used for axplifying photocurreats acd thernoelectrosotive force 


” are scbdavaded, according to the power supply used, into AC and (© ampli fxers. 


AC asplifiers are im ture clausified into two sain groups, low-frequeacy aad 


Cc) 


_. high- freaueacy asplifiers. Is amplifying photocurreats and therec-enf, lowe 


-1 frequency asplifiers are ordiaar:ly used. 













eli 
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Pesastors, chohes or transfoicers are used ia the plate load of low- freqecacT aT 
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c 


aspl> fiers, and accordingly, such aeplifiers are tersed resistance, choke, OF ‘raas- 


forcer agplifiers. 


Occasionally, ceatined circuits are used, such as a rheostat transforser. 


fepiifsers have diffevent fremency pess-tands. Io special Lroed-rard sapls- 


c fiers, 


other hand, the pass-tand 1s neavured ontv in tens of eveles. 


the width of the frequescy Land 18 millions of evcies. ‘Soretiaes, Of the 


Wosing iepes driect segts ficatzes, 


db 
te 
Q 
re 


CC aenisafreis ure aubdssided rate tS 
axp'x fication with conversion of CC soltage into AC, and photovoltaic. 


Several stages of acplification, connected 1n sequence, are used to oztats bis 


anpli fication. The last or final stage of agplificetion 25 geserally osed for ampli- 


fying the power, while the preceding stages are used for azplafving the secitage. A 


push-pull asplification circuit 23 often used for the f;nal stages of am aa li fier. 


Viests of Acnlificetice 


Section a7, Es 


The sinicum values of the current and voltage that can te splified are de- 


( termined by the norse at the axplifier output. The corse caf limits the sanreme 


ellowable aznlification factor. 4 seplify phetecurreats and voltases, siack as & 


*. pale are very soali, bia seplificstion factors (up to 109) are needed. The redus- 


tion of noise is therefore verv important, 


- only where the axpla fied voltage (or current) is greater than the noise voltage. 


since noraal amplification 15 possible 


‘- Noises are due to external and anternel scurces. te zh2}] sccordingly term 


thee extrinsic and intrinsic noises. 


; Fs.trrasic noises are 


caused by elcctric or aechanical sources. The noises of 


eiectric origina are due to inducvion by electric power plaats, electric circurts, 


zgnition systems of internal corlastaon engines, aod other cevices, or dae to elec 


troxotive forces ia the outpat circaat of the amplifier. 
areaat are carefally shielded. helasatle rovieg 


To eliminate such noise, 


C - . the entire amplifier and the lead c 


coatects are installed for the shaelds, siace poor coatacts pay ancrease the no1se 


“ Meadseds of tines. 
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© ame 


Norays of mechamtias CIigim are Sst to peckesi cal aad accwetse aaiicerces cs 


the explateer, amd 24 gaztienlar ca tie anpisfser sates. Asa zesalt cf snct 11- 


Sleecces, Ue so-calie? arcecg teste effect cf the rates nev argear. Tiss vecesza- 


tates the cae uf shcew aricriets Jor the eatase angiafier an? its gaczsim2) ede- 


nests, partrezlaile whe wpisfier tries. 
Evez az the abnesce cf eatriisic s1se, meplifacatica 28 st3)3 not raliaatec. 


pa fact, 28 2 Lassted Le The se2Tedb ane scase dre to the elenezis of Ube melatrer 


riself aed to sts scarces of poser sazpis. IJatearsic 122748 azeisde: 


Clicks a2 sizes due to cefeces aa tte restallataca amé coe tacts, 
Norse 1a the amplifier cre to its youe:x sasziv sources; 


Qscrilation tae te Faraesite Seeciack retscer the 1nZandcal stares: 


Thermal 2mmtatica 101582. 
To elaaitate test sv2ses. paercrowlar ETcestrca@ cEst te zaic to zroyer azstai- 


Seiaca, reiaarziitt cf tee coutacss, ejizzrstics of feeccacs, art geaiatr ct the 


parts. “hea tLe power sxtpiy 318 AC, reisale dilters wast te rseé: vith a LC power 


“sepciv, stabie poree-free SLOTeFe 1otleT1es are ressired. 
= Thermal agrtsticm 101%@ 15 Sze te tirctzaticas 13 the electric czurrest. Ssosrces 


of gach mane ete ic parts 222 taces of the aegiiGier. cr ci wke gictcelexest 1% the 


~ case of ptotoelectric circeits. 


i Mores crigamaters 2a the racie part of te weirfier 2s castmaniv cailed car- 


“cart noise. The streazgest 121s5€ 2712e8 18 tte resistcrs. ‘oise crrgeratirg 1% tke 


tutes 13 called wie tass. 


Therzal agatatiea scise 18 aay coatectzs 18 caused “5 the chaotic Cisp. ccesest 


— of electrons water tuernal wot102- Tre chaotic mewenrat of cLarres prearoes weltage 


fluctastion ec the ends of the mire. “ance tbere 15s alsays 8 seszaicr or ctber 


~ pacye part (capacitor, choke, trass/crser wizcarg) at the sxpliiier iggat. & fizse- 


“ teatrng solUIege cetere the auplafier ispet, czesies aa aspiiised nose sultage at 


- the acplifier oxtyst, stack Jasats the sisinee valce of the esefel axglifred 6: enai. 
The weltage produced ty the intric-3e nolses of e 1esister cam ie calesiera sy 
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oe. 
the formule 


(173) 


u* = rot 


where LU, denotes the effective value of noise soltage 19 eicrovolts, coapesed of all 


( the goise voltages with frequencies lying in the band of (the frequency Land of the 


aeplifier Af is expressed in ke), while Bis the resistance 10 k-ohe. 


Tube hiss 18 caured ty the noaunr fornity of th: electron flux producing the 


plate current, or the so-called shet effect. The direct coxponent of the plete cur- 


rent is superposed by an alternating component due to the ponuoiforerty of che flex. 


_ This results 1n noise voltage at the tule outpst. 


Noise due to the shot effect occurs in vacuum photoelements, even under constant 
- irradiation. 


Tubes are scnetines characterized Ly the value of the resistance equivalent to 


the noise produced (noise resistance). 


The noise resistance BR, of 2 triode is inversely proporticaal to its transcoa- 


( . 


ductance and is expressed by the relatioa 


, 23-5 


= a S$ 


(174) 





chere S is the transconductance of the triode in sa/v. 


ie “hen a tube has several electroces toward which an electron stream 13 fioving, 


the thermal agitation noise increases strongly. for this reasca, the coise of 8 









~ tetrode anc peatrode is several times (3-5) &s yreat as the noise of a triom. 










Section 88. Acpli fier Characteristics 


Low-freqnency OC amplifiers ars characterized by the folloring tasic quaa- 


{" “tities: amplification factor, input voltage. or azplifier sensitivity, set a01s€ of 


~ the asplifier, power ai output, frequency characteristic, and distortices ratrocsced 


by the amplifier. 
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The acplaticatson factor 18 a@ Quantity s34158 whe ratio of the wigut toitare 


c to the saput voitage L,, of the amplifaer. The amplsiscactss factor 18 ex- 


out 


pressed ty the equaticea 


#478) 


The value of the amplification sav flectzate creer a terr arde range, irom caits 


and tens (1m lowe-frequescy aspiificatiom 14 receptors) to tundrets cf woonaris and 


~~ ap 00 qpanme ae on oar www mew emo sy 


G : 
: & ns — Ke: 
fe bet bel ed 
og) e} Ju5 f) bo--24 2) ps 
{ 
l Geile caret niet iearcaind 
4) 


Fp 180 - Eleck Pisgras of 2 Meltisterc Anplitzer 
a) Asplifier output; t) Acplifirer rzput, ce) Sepiafier; 
2) First scage; ¢) Second stage; f) Third stage; 


oe rc) 2% t) Load 


, 
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stage, 


even tens of aillions anc sore (is special cirexats for asplifvaag photocerients 


_-and tkergo caf, which ia sone cases require exceptionally zigh amslificetioa). ta 
; 
_ «poser veplificaties, shrck 15 effected 1a the cotpet or fiza]l stages, tte amplifs- 


catica factor 13 ceceraily used sereiy to characterize the prelinizary stages, Ze- 


+o oe 


signed to zeplify tke voltage. 


Ss for a weltistage anpiifier vhose Licck diagram 1s sboun aa Fig. 159, tke vcotal 


aaplifacatioa factcr (h,9,) 18 defized as tte prodact of tke anpizficatios facter 


of all st- ea: 


7 - by..-k, 
a 
- The poser at the cotzut of an acplifier is character:zred ty tre valze of the 


_ Daxieus poets shat can te oltasaed from the aplifser. ‘eoordimg te rte reraoe of 
TAT 
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the asplifier, its 


eo a ~~ - ~- 


. tee 


power may range frow a fractioa cf a watt to 2 kilowatt. Ia agpli- 


fying photocurrents and thermo esf, the output power 15 nsuaily aecll. This parane- 


ter wainly characterizes the final output stages. 


In asplafying photocurrents and thermo eaf, v-rv high soplifications cust cftea 


be used, in view of the sgaii value of the input signal. The threshola sensitisity 


ef an aemlifier 1s characcerized bv the sinisse 


an 
} voltage at ats input that 2t can axplaif¢. The 
| aK threshold sensitivity depends oa the wpe of aspli- 
~~? * Me Me fier, sueLer of stages, elearnts of the circrt, 
- a a set and manv other factors. One of the factors lazit- 
ge ing the azplifacation is th: noise at the asplifier 

































































































£27.160 - Typical Frequency As already 


Characteristics of Aeplifier 


input due to its roput circarts. 


stated, the resistura, wints, and tuies Froduce 


certain ncastetionary random enl which, entering the axpixfier inpot, is amplified 
and produces oo1se at its output. 


_ prime factors liniting ap li fication. 


Thus the set ocise of aa asplifier 1s one of tke 


The degrce of sensitivity 18 expressed kv the vol tage, in mJlivolts or mcro- 


oa solts, which sust be seposed op the inpat to s\2-39 normal amplification, 1.¢., to 


~ sake the amplified signal greater than the voltage due to the set soise of the 


: ~ axp li fier. 


even in fractions of a sicrovolt, according to the purpose of the aspiifier. Pho to- 


elecents may croduce voltages of a fraciioa of a millivolt at the azplifier ispat, 
whale therscelesents in some cases generate an eaf of only a fraction of a aicro- 


“volt. The critical sensitavity of amplifiers and the leve! of the set noise go as 


“Yow as fractions of a microvolt. ‘ 


Declassified in Part - Sanitized Copy Approved for Release 


The sensitivity of amplifiers 1s usually ecasuced in wallivolts, aicrovwlts, or 







3 Seow es erences. oO 


| 


©9 


29 


The frequency chsrectcristic, the frequency range, oF the pass-taad characterizes 


“the frequency regicn in which the asplification factor fluctuates witha eseigaed 


and usually narrow lasts. 
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o 


The required frecuesey liaats aad degree of veriatien 1a the acplificaticn 
factor are determined ty the purpose of che asplafier. fFagere 150 shoes a troical 
freqency character:stic, iecacatita the seletios Letezea tte arplifacatica factcr b 
aad tte fremeacy im the sasge from f, to Fy 
LAGIcated. 


The pess-taod doz aa AC acplifier cozers 


a side rasze rad nav te frem a few tandsed 





te 3 fee aallica evcies. Tse tcordarses of 


the frecneacy taad aav te frow a fees crelee, 
Fig.i:61 - Sckewsaric Dingras of 


Fesastor-Cecpled Aeplifier 
- ficatice £,) to a fee aillise, 2 * %& 


2 


for snstasce 3-19 (loser teomdare of aapii- 


excles iupper tcandary of aaplificatica £,.). Am amplifier -svalls “ces cot pate the 


sane azpiificatica fsr all frecueacies, valzes, and stzres cf the sizzai tet igtre- 


Aaces a certain daistortica. The cistorticas sav te ce te tke foilss1ig causes: 


- Jeccastaacw of the auphificatica factor at different frequezcies, resaltiag 


ts rm frequency distertices; 

Noalizesrity of tke charactcristic of scze amplifier eleseet fe.g., 3 tube); 
ance of jbese shiits tetseea tke varioos cesporseats of the witaze te 
: te aspiified tphase distortioss); 


6 Agpearance cf varicos scoststicoary processes 12 the asplifser cireests. 


nl Accordizg to tke perpose of tke seplifier, tke role plaved tv 2 gites tyze of 


Cretortica nay ditfer, cc tbat tte prizary effort is axzlifics desiza is to exclude 


- _ the most aendesiretie & stortices. 


Let as now consider tke varices sethods ead arransezeats of amplifyizg rhote- 


carreets zad tkerzo esf czed ia i:sfrared techoolicgy. 


~ Sectioa §9. Leo-Frecuency Fesistor Sop li fiezs 


is le ressctor azplifiers, the plate cercest of the sreeeding ssaze 18 indirectly 








247 
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- emapled wath the grid carcaat of cke followsrg stage across a carecitaace, s0 that STAT 
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only alternating voltage reaches the grid of the tube aeplifieation of the staze csasct te higher cham the product SF,. The valse cf the 


The tube of the final stage, lake the useful load at the catput, is moat oftea piate searstance fh, cust ect exceed a certaia raise. atzce too Siph & rexistarce f, 


coupled with the preceding stage across & tronsforzer, since this sakes it possitle causes a conaiceraetie voltage drcp across 1%. Pesades this, excessive 23stertiors 


to match the paraneters of the Jead and of the zxpli- are created on the resistors vhes tetsoces and pectodes are asec 1a amplifier cise 


wet ab: Zn peicegeacmneantn SCOTT 


fier tule in a rather sispie way. cunts. 


The circuit of a res)stor-coucled asplafier nee thev Fave a side freaveccy teed wsthcot cistertica, the resistcr-ccopled 


(rhenscat circuit) 10 Fig. 162 18 characterized kv ampisfier arth a czpaciteace coupling 18 2210 ased te anghif< palsatiag voltages, af 


the fact that the ohaic resistance R, 18 heze used the constant compoceat of tke pulse an cuald. Sock ao aspdrfier aav te pre‘eratie 


as the useful plate load, vhile the couphiog with over a DC acgiifier, srace the latter 18 osoally acre conglicated asd kas tigter 


Fie. 162 - Schematic Diagram the preceding stage 18 efferced across the capaci- 
of Impedance-Coupled 
Aspli fier 


rc?se, eve to tte shifts of tke constant corposeat (cf tle rere 
tance C 


.  Spetaca SQ. Les-Fresuecew Inpedance-Coupied Aozli fiers 
A circuit of this type amplifies a vide fre- 


quency bacd without distortion, tut has the disadventege that 2 hist rsltaze Crop 


In the rspedance-ccopied amplifier shose circurt is shoo in Fiz.i52, a choke 


Sti : : : this case, the chaac resistance 15 le- 
is cltsined at the rearstore BR, thus reducing the plete soitage. as used as tke useful plate Icad. Ia this case, the comic © supp 


The alternating voltage obtained across the resistors R, 1s fed to the arid £5 uented lw aa irpedasce L, shich coorletely exscres ampli ficatica of tke alteraariag 


: of the tube of the following stage across the Ly-pass capacitor Cc, which, passing 


the alternating voltage to be smpls fied. eliainates the influence of the constant 


voltage. The courliag with the followssg stage 15 accoupiasted csorcss the capris- 


tance © 


rc 
~ component of the plate potential of the first tube. Circaits of this type amplify los frequencies, tat require rather ccaplex 


adh catchinstonnenentinienstamtendiestel Uekchd 150s dob Erle ae Accirad btanets mont 0) kite ant we Whe ak Tee tnedon karen 


The value of the cepacitarce Cc, is determined by the frecuencies to Le ampli- 7 chekes, cszally sath am irce ccre, aad iatroduce Cistertioss due te tte sozanifors 
? 7 fied, and usually ranges from 10-3 -— Ll uf. The resistance R,, connected in the grid See with frequeacy. 


Tedreuit, is equel to hundreds of thousands of ohms and is usually $ to 1Orsbeacas {.— By cemparisoa with rbecstat circaits, they have the advaatage that a safficieat 


; aon 
great as the plate resistance. Since, in this circmit, the interataze couplings do drop of the altersatsrg voltage is produced across tke choke, cue to impecaace, 


‘ 2 5 é che = state rs isc i i i 
not increase the voltege, tubes with high acplification factors (u * 25 or sore) are while the ccastent plet Itaze is ceereased only very 1i sizce tke resistaace 


“usually exployed, most often triodes, but sometimes tetrodes ead peatocdes. of chokes is lew. 


: i a . as z 
: The values of the plate resi tances are detesmined ty the differential iaternal ; Circaats using rspedaace-coupled axplifiers are rarely used tecay, tecoase of 


resistances of the tubes (R;). For ordinary triodes, the plate resistance is takea the fact that a choke is usually sore coxplen aad expensive thea s resister; 1a = 


- equal to about QR., and for tetrodes and peatodes {rea — “A ; P.. Although -ditioa, these circeaits, as already stated, have a lezs carfora amplification over 


-_— 


tees : ot. # he 7 ae 
. tetredes, cad pentodes do kare a high valae of u, they cansot rvield a high azplif- tie. ixecumacs tend, 


cation for the stage, owing to the mnasiderable valucs of R:, adace the critical wi 














emg <8 rere we wee 
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0. 
Section 9]. Low-Frequency Trans forcar-Coupled Acphi fiers 


Transformer-coupled espli fying cirqits, or transforesr ciresits, one of which 


1 
for asplaifving low frecvencies, te1og 


as shown 1n Fig. 163, are widely appiied today 
pS used for explaifviog rot ealy the voltage bus 
also the pover. In these circaats, the 
stages are coupled Ly seags of transforuers, 


thus sllowing the paraseters cf the verious 


circurts of the avster to Le sost raticaallyv 





= switched. This 18 particularily iccortaat 2a 


Fig.163 - Schematic Diagram of 


. - Transfers]: Coupled A plifier 


purer azplification, shen the follomnz 
stage a2y produce 8 load cue to the presence 


of grid currents; however, even Sor voltage azplification, sken there are usually m 


arid currents, the transforser permits opt.mus parageters of the load circuits. 


Se 


: Transforrer-coupled svstexs aiso allow a higher amplification factor per stage 


because of the transfurwer factor, and give a rather satisfactory freonezxcy cherac- 





_ teristic of the arplifrer. 
z 








The «ra-es are coupled across intermaliate traosforcers, which usnallv Lave a 








°° 





_transformation factor from 3 to 5. Like the choke, the tra.sformer, tecause of 1t3 














_ impedance, represents a high resistance for the altrrnaving component of the plate 


3. — 
_carrenc. At the same time che transformer, because of 
4°. 

a small voltage dro 





its low resistance, produces 

















p due to the direct casponert of the plate current. Thus there 








ds no marked reduction in plate carr=nt, produced by drops in the plate load ia 











~ transformer hookups. 


7 triodes are used, but also tetrodes, aed 








In transforwer syatcas cot only 








s 
° 


few tens and even hur- 





” pentodes. The asplification factors per atage Bay reach a 





3 





~ dreds. 


The use of trensformcr aysiees is limited mainly by the fact that their sepli- 














as 


then a aniform seplification without 





” £gataon is stall dependent on the frequency. 
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© e238 45 ce? ee : ip ies te yes os 
. distortion 34 required 19 a breac {seqecacy taad, treeslorse ‘-ceepled chrcunts are 


“gancavatle: Hoseter, they are very cozyenaeat 14 ss3tances sere umy a earres fre- 
weency taod seed te amplified. 
To cttaaa sore cesform aplaficatace. cf a Peead Lsewueeet Cine, wun tszed 
shecscat-traeeforuer svateny sath axplificatice (Fie.i64) are asec az wae cases. 
These ststens gaze Letter epiaficatisa 
Uf tre lew frecweecies, relatsse to c1stor- 
tisoa, 222 also ebiarszate the nogretizatris of 
tie transformer core tw tke Zasect conpraest 


of the plate cw see vtoct cccars 38 pore 





treasfscrer-coapled svttms alsoz the ;risarv 


wardiza. The nares scvzatare of rkeostat- 


Fig. iS4 - Schematic [iagram of 
Phecstat-Tiensforser-(co;z ied 


trassf.scer-coupies sustens crver ctler trpes 


foc lizies 
ree te re that, lecanse cf tre tra:sicruer, tte 


acplaficatioa per stage cau te ircreasec, the paraseters of the svstes cee te 


~ 
. tracebt op tberr cotimes vale, aac poeer eupiificetion con te effected. Secase of 


“the low resistarce of the tracsicrcer vizdizg, Ue witage crop age so tle passage 
of correct will te lew asd will ampose so liwitaziczs om tre ang 12 ficatices. 


. Qa the other haad, these svsters alco tave thesr cisacrzstazces- The sare drae- 


" tacks ere thear coupiemty 1a cezparisos witk the rreostat cr srassicraer-coupled 


Bae 


" svsten and the coasideratie voltage drop accoss cke resistors, fue to passage of che 


“direct ceaposeat of tke plate carreat. Otker crsadvaatzces of the rbeostat- 
“traasformer-cocpled svstex is the frequescy dassicace cf amplificatica, lisating | 


- the range of freqe~ecies to te apiified, aad a certeiz lsecrease 22 the ccst aad 


__ corpleaaty of the arraageacat. The reage of freqarecies wolified say te irce 


_ $+20 cycles to 2 * 123 cycles. 


“ 


Trioges, tetrodes, aad peatodes are esed if treasforser-cospied ststees. 


«2. Speezom $2. Low-Frece--ew Pesé-Pall Aepli fiers 


se The so-called pesh-pell aspiifier cazceat, shown im Fig.iSS, 13 as asgreved STAT 








223 
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3 
oe Trensforner Coupied Nplifier 


Section 91. Low-Frequency Trans forser-Coupl ed Aapli fiers 


Transformer-coupled caplifying circuits, OF transforesr circuits, one of stich 


% 


1a shown in Fig. 163, are widely appiied tndav for asolifving low frecvencies, Leng 


7 used for axplaf{ving rot cealy the voltage tur 
also the power. In these circaats, tke 
stages are coupled Lv seas of transforsers, 


thus allowing the faraseters cf the veriocs 


circuits of the avstes to ke wost ratacaally 





astched. This 13 particularly iccortaat 1a 


purer axplification, shea the follomng 


- Schematic Diagram of 


stage aay produce a load dwe to the presence 


of grid currents; however, even for voltage axplification, shen there are usually om 


Te 


because of the transiureer factor, and 






































3 















































4 
~ 











4 


(, 


























__transforwation factor from 3 to 5. 


_ epedance, represents a high resis 


a small voltage drop due to the direct cnspnnert of the plate current. 


2. 
8 


grid currents, the transforser permits opt.mus paraseters af the lozd circaits. 


Transforcer-coupled avstems also allow a higher mplificatzon factor per stage 


give a rather satisfactory freynezcy cherac- 


z teristic of the arpl:frer. 


Thy <ta-es sre coupled across intemoliate traosforvers, stich usnally Lave a 


Lake the choke, the tra.sformer, tecanuse of its 


tance for the altrraaving component of tke plate 


_ currence. because of its low resistance, prodaces 


At the same time che transforzer, 
Tkas there 


- qs no marked reduction in plate carrent, produced ky drops in the plate load ia 


_ trans former hookups. 


In transforser systcas oot only triodes are used, but also tetrodes, aed 


- pentodes. The acoplification factors per stage may reach a fee tens and evea bus- 


~~ dreds. 


The use cf transformcr systews is lieited mainly by the fact that their aepla- 


fication is stall dependent on the frequency. thea a anifore seplificatioa without 
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Cos. « sy en ate = A 
distortioa ta recuired 18 a bread iseqececy laad, treaslorse -coepled circusts are 


castitatle. Hosever, they are very cossenaent 14 ss3tances siere wusy a garree fre- 
wcency tand seed te aspli fied. 
To cttsas wre ceafors anplaficatice cf a becad seewerest taad, cemisaed 


shecs*at-traesforzer svstens sath eepizficacics (Fig-. 64) are asee rz tome cases. 


E 


These sustess gaze tetter empiaiicatica 
Ui tbe lew ireqzeccses, relatsse Co 228tr- 
tioa, ast also elsarzate the nsrretizatics «1 
te trassforser core iw the Zsrect cotpcsest 


of tke plate cs ceze virck coaars 39 pore 





treesisrzer-ccapled svttms alcog the ;risarv 


wardizag. The nase sczantare of rihecstat- 


Fig. 2.5% - Schematic [sagram of 
bhecstai-Trensforser-Ucaz ied 


traas{.srez-coopies svustens crver ctter tvpes 


ti. 3 fr; 
rep akaiel os that, because ci the tra:sficrser, tte 


arplificatioa per stage can te increased, the raraneters of tke svstem cet te 


m 
: traneh: an therr cotimess vale, aac mses ampirivesticon con te effected. Sccasse of 


weer om- 


~ tke iow sesistarce of the tracsicrser wiedizg, Ue witsge Zreop daze to tle passage 


- of correct will te lcs asi will izpose so liwitazioss of tre angla ficetices. 


i Oa the other Laad, these svstens alzo tave these cosacrstzces- The sare ¢rae- 


- "Laeks are ther cospiexty 1a ceaparisos mitk the zreostat cr traosicraer-coupied 


aoe 


" svstem and tke coasideratie voltase drop across ike resistors, see te passage of che 


- direct ccapoceant of the plate carreat. Otter Casadvaatages of tke rreostat- 


“traasfcrmer-cocpled svstes is the frequeacy dassieace cf wclificatica, linztiag 


- the raaze of freq~ecies to te apiified, aad a cecteis iecrease 2x the cost aad 


corplesaty of the arraagemeat. The raage of freqazzcies wplified aay te free 


~_§-19 cyeles to 2 * 185 cycles. 


ta 


’ Triodes, tetrodes, aad peatcdes ere esed 12 treasforzer-coepied ststees. 
«+. Seeesom $2. Low-Frecz--ew Pesd-Pall pla fiers 
? The so-called pesh-pell asplifier cazcaat, shcan 1a Fig.25S, 13 a8 isgreved 
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transformer-coupled circuit. In this arrangcecat, the voltsge te le saplified is fed, 


ee ot tl 


The alternating cus- 


thea 


in phase opposition, sipultaneously to the grids of two tubes. 


ponents of the plate currents are thes obtained with a phare shift of 160°. 


‘9 





© 


: 


ee 


2 Fig. 165 - Schematic Ciagrap of a Push-Poll Awplifier 


the alternating components of the plate ceirents 35s thrensh tro symeetzi-cel halves 


the emf of each is given the same direction. As 2 result, 


of the primary sinding, 


the voltage induced in the secondary s2nding of the erensforeer is doubled. 








oF Push-puil circuits have # number of sdvaatages rer erdinery acplifying c2FKr- 


: even hare o1cs in the plate currert are 


They have less distortion, and the 


for this reasoa, a higher undistorted power 


- cuits. 


—_— 


-- eliminated or considerably attenuat¢ 3. 


2. can be obtained from the tubes. 







*-— The tube circuits are andepenucat of the feed voltage, because of the aatual 







compensation introduced by the tube. 
the direct 


tes in such a way that 








The transformer in push-pull circuits opera 


component of the plate circaits of opposit= 


of both tubes produces magnetic fiuxes 


directions in the transformer core. Due to this fact, the core of the tressformer 


is not loaded with a constant magnetic flux. 








This sakes 1 possibie to tuald the 


- transfecmer lighter and cheaper. 


— 


5 - Push-pull cirewits are used for aeplifyang alternating currents, especially 1A 







the output stages, shea high power and low distortion cust be obtained. 
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for wore efficient operation of push-zull aoplifiers, greatest possitle svametry 
Letween the two balses of the circuat is required, paying special attention to celec- 


tron of the tutes. 


“~~ 
Section 93. Direct-Gurreat Acelification 


The aylification cf direct or slowly varving curtent and voltage isvolses pros? 


dafficulties. If the voltszes and corrests to te azglified are of the direct t»-pe or 





ia 14 + Valristage LC Acpiaiser 
a) Qutpac; £) Inpoe 


have a very low frequency, it 18 ispossikle to use a ciresit ia which the tebes are 
coupled aczcsz a capacitor or transformer. Ia these cases, speczal and sceetizes 
cocplicated systems sust Le used. If a small arplification of direct or alterasting 
photvcurrents is required, thea the one-tate photocurrent anplifiers circuits dis- 
cusxed Lelow are entirely suitatie fer this purpose. 


Soactasesa, the difficulties concected with azplification of dizect carreat 
at 2 


‘Speke it necesxary that the scezce of ercrgy incident on the isdicetor zust first he 


_wocalated to give an alternating corrent or voltage, which cam thea te acplified by 


_the usual type of AC axplificatiea. Such a zethod of amplification aay te used 


_ shere the indicates: bus a low slusgishness aad Sas a sufficrently good frequeacy 


charecteristic. im some canes, only the direct current or voltage 18 asplified, te- 


cause eodulation of the iscideat flux is impossible. 


Ya the asplificatioa of therao emf, the difficalties are even greater, because 


cf che suati resistances of the sources of tie voltage to te anplified; therefore, 


special esplafying circests ere used sa this case. 


= 


STAT 
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She 


e 
(irect current way be arplafaed by combining several stages. This as the so 


called carcuat for the direc? amplification of direct current. 


sting roltess end 


In some circuits, the direct voltage 1F converted into alters 


is then further esplafied by the usual circuats for the agplification of a low- 


frequency alternating current ‘Ba bl. 16). 


In addition, special circuits sre souetines used to asplify direct current, such 


as photovoltaic mplification circuits, which are characterized Ly the fact that 


there principal components are & galvano- 


meter, phctocells, and explifving tutes. 


Sectson 94. Circuits fer Direct Asphi fie 


cation of Direct Gurrent 







ine current ss well ss pulsatisg cur- 





Fig. 167 - Two-Stage DC Anplifier with 
Voltage Eivader (An Increase 1n Current 
of First Tube Increases the Current in 
the Second Tube) 

a) Input; b) Output 





rents, oultistage direct aaplificatioa 








axplifiers are used (Fig.165). To the 











acplifier rmput any desszed DC voltage 








The loads 10 toth grid ana 





nay te fed. 








plate circuits are pure resistances. 





In circuits using direct awplificetion of LC, with direct interstage coupling, 











“all ths voltage drop across the plate resistance of the prece Jing tule is fed to 








the grid of the subsequent tube. However, for the subsequent tule to operate uoder 





the required conditions, an additronal voltage is coanccted into its grid carcuit, 











determining the grid potential and, consequently, also the plate current of the 








the grid potential 





tube. or, variation of the plate current of the preceding tute, 








and plate current of the tube of the following stage also vary, an? so om in al? 








stages. 








. Each stage is fed either from a separate Lattery or {rom a comon voltage di- 


ue 








vider, 
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Figures 157 and 15§ show teu iwuneps of geo-stage CC asolifoors fed from a 


voltage divider. One of them (Fig. 157) gress CC axplaficatice wben the sagas of the 
variation current at the outprt spree, 3.e., if ehas Fockup an 1acrease 18 voltage 


et the erplifier asput censes the plate woltave cf the secoas output tate to racrease 


also. The second heohup (Fig. 18d) has the cpposite effect: 4a increase 1m the 
voltage at the amplifier input 20 thas 
kookap corresponds to a recuctiom 18 the 
plate current cf tke seccod tute. The 
drewtacks of these circuits are 2s follows. 


First, the ceed for a high pover- 


supply voltage, «Sich 15 esually felt ia 





. least hookups. Tuc saise of ts 
Figz.158 - Tso-Stage DC Aelifier with Be eee eee bo 


Voltage Inurder (An Increase 1% Current voltage lisats the value of the clate 
£ ot = wr o e = 
of tbe Piest Tule Cerreases tre Currert boudx: cad: ttua eles -tbe saphification of 
of the Second Tete) 
2) Inapat; £) Outgat tke circuits. 
Secondly, the direct coupliag cf ail 


stages of these circuits «av lead to the appearance of oscrilatioa aed iastability. 


Wien the feed 15 from a voltage divider, Gistcrticas of the voltages teins amt lified 


the divider through sbick the cur- 


are possi_le, owing to thear redistritatica oo 


~ rent flows. 


> Thirdly, such hookups eaplify oct only tke signal received tut also al} rasdos 


noaze signals, toth external and anternal, sbach likewise lisats the asplification. 


Tke set noise at the axplifier inpat, due to tke coises of the resistor aad 


the tube, greatly icver the asplification fector aad the seasitiiaty of tke bookap. 


These circusts cag cperate on orcisary asplifier tsces, triodes, tetrcdes, and 


pentodes; ‘owever, these tutes have a very high iatersal resistaace, which sakes 


it difficult to use thee effectively is such cirrcerts, tecause of the lizitatioas 


isposed by the value of the feed voltage. Ie additioca, tabe hiss of tetrodes aad 


peatedes 1¢ higher than ja triodes, vaich also lisits teeir use 1a CC aanli ficatioa 
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A vil ropack consists of three uarn elements: a sitratiag teed wrth a cnatsce A, 


i its. | 
~ £ th d-cathode cascuit bas Leen develogec mating mith the fixed contacts & and C; the excater sradiags G, cansiag the reed te 
. Sabie ; 
A tube with a high resistance of the grid-cs 
vibzate at a certans frequency, aad 3 ferzsacnt nazaet. 


el 
: t of very tow currests (15 § to 
especially for avplstication and seasuresent 0 


bh b ed are descrited 1 Sec- The exciter vindzag of the converter 18 fed cv AC from the soeer lise cr fros 
as tute 18 US ° . 


attr 
is wa oe 


10°17 amp). Several of the hookups 10 which & . 
7 a specias generator. 


eo The ££ coltage to Le arplified 13 fed tv coe pole to the cectral poiat of the 


a) 


for Conversion to 


Section 95. Azplification Circuits of Direct Current, transforzer, and ty the others to the vaircataage reed sith the cnotact. BPhea the cxra- 





s 8 
ee el 


Alternating Current (fitl. 15) verter 18 excited, the voltage tesse anplafied arrives first at cne calf of tre 
a 


ed, in shach the ro.taze ‘ etiaary ssefise cf the saput trsnsforser and thea at tre other talf. As a veeale as 
To anplify direct current, converte: circuits are used, 


- nl “g voltage, and . altersatiag corrent and a nacactic flax are predeced in tre priaary viatiag cf the 
(current) fed to the roput 1s first converted into alternating pr-satice ge, 


transforaer, shich isduces 1m the secondary sisdiae of the tracsfsrzer aa alternatiag 


’ 

: emf which varies sith the frequercy rate of closcre cf the aucrerter ccetacts. la 

2 

i suck a avstem, the voltsre tcrag aspiafied 15 faiiv ctilized, siace 1% 158 alnost cee 
$ 

' tinacusiv fed ro the faest or secend saif of the primagy wiadirag Gi tre 1apet Crats- 
forser. 


() 


Se advantage of snch svsteas 18 te sxaplicite cf 3 









whack consist of conrenticaal ice-fresuency AC avpii fiers. 





The kcokups of FC amplifiers, coovertizg 1t to AC, are ased 13 the aaglifica- 









i i i i , Converting it j 
Fig.169 - Circuit for pete! sae aaal nve i sieoe, et G Yancey casa aise 
into Alternating : 
: i bropack: te aeplified; d) To j 
a) Yinding; b) Yibropack; ¢) Voltage to | 
fcllowirg acplificatioa stages a Sectioa 95. The Photoelectrcea Cyotical Amplifier 
a . 
al low-f plification ciicuats. : tor DC aapiification. photcelectrea-optical anplificatice 15 sometizes sed. 
as then aeplified by the usual low-freauency ~ z othe 3s : : = 
d for converting CC iato AC: rotary coesmtators, sikro- Sach a bookup was developed ia 195) ty Prefessor £.P.hotzaree (Bibl. 17). 
i tems are & 
re Figore 170 givea a schematic diacren of sack an asplifzer. The curreat oF 
packs, €ic. 
oui ho t with conversion of DC into AC ky xeans of a vatro- : voltage to te geasured is fed to the isput of a sezsitize galvasoueter. The de- 
Figure 169 shows a circu 
: 1 Ltaaced behind the vabropsck 18 fed to Pe flectaca of the galtanczecter porater 18 fixed ty photccells connected aa the ema 
pack. The alternating pulsating voltage © iy . 
( indi { the input transformer and then to the gmd of the tute of j cireart of the anplifier tches. A tradge astaagezeat 1s used fcr the tubes, cperat- 
the primary winding oO e { 2s 
12 p i re ed arplificataoa, the voltage is fed te the final | reg ie a balanced state orth the proper soltage rezulatica oa the tube grids. A 
t stage. ter the requir ‘ | 
ae : acasuriag lastreacat 28 coanected 18 che diacoaal of the tradce {zoaats AE or A'B STAT 
output stage. ; 
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t c 


In the original position, no potential cifferences exist retwcen the cathodes, aad 
the measusi:eg instrumeat shows no deflectios. At the saallert deflectsen of the 
pointer of the input ea’sanoueter, the currents aacidert oa the chotocells vary, thes 


cansinw the rhotcenrrcnts to wees. The eptical avetes galrancmeter-photoceils rest 


+t 


" te such that the eaesstsc:s ia the f!azes ai Leth pnotocetls have 2afferent sirens, 


a.e., 20 that, when the flax rscident oa ene photoce!! sacresaes, the flex fahlise 


ee eT keene tp nearer” 


on tke second photocell decr-eses. As a result, the potentials of cath ersds vary 


ames 


and untalence the erid carcust, thus cansing the appesrance of a certaza potential 


difference 1n the duagocsl of the tricge and, ccosequenthy also a certama correat to 


— 


te recosded ty the instrument. 





The cxrcuits of photcelectron-optical anptificaticn perairt xeasuriag Cry saall 


ame ee 


Fig. 170 - Schematic Ciagram of a Photoelectron-Optical Aupsifier 


a) Gelvanometer; b) Illuminator enf values, particelariy therno-exf, and also low curreats- 


A Aqeadvantase of such a circual arraagesent 2s tke unavordatle sizegishcess 


cus to the ressstance of the galvencaeter iapat and of the senzsrisa Suipud reScre~ 


sent used in the circuit. 

es biccre 171 shoes tke carcait of a photcelectrea-ootics!: aspiificr #20 oegative 
feedtack, used for decreasing tke :aticence of vitratica aad aakiag the carcurt sore 
statle. Tke circuit is of tke high seesitinitw type. A voltage of 1 uv at the ia- 


put gives a inll-ecste (50 divisions) pointer deflectics of the cutgat seasuriag 1A- 


strumeat. 
Sectica 97. Tate for Yeacurt-* Very Los Correats 
The problem of meassting and aaplifyiag verv low carreats, as low az 10°!* to 


10°!7 amp, is quite coamoa today. The use of high-seasitavity galvasoseters for ' 





Fig. 171 - Circuit of Photoelectron- Fig. 172 - Schematic Diagram of a ! this sarpose 1s cot alvays possitle, siace thear sensitivity 1% calv 107'? to 
Optical Acplifirer mth Feedback: Vacuun-Tube Electrometer ’ 10°14 amp ser scale divisica. 
to G Galvanometer; TE- Therecel erent; a) Grid holder: 5) Grod teeceet; : x 
o FE- Photoelement; H,- Feedback c) Grid; d) Cathode; e) Plate The use of conventional tates is limited ty the fact that tke gtid-catkode re- 
hesistor; L- Illuminating Lanp arsceace 18 sccetises as high ss 108 to 10° ohas. Soceover, tke valae of thear grid 


a) To measuring tastruscat; b) Taput 
currents is cocpsrakie to the vaize of the curreats terag zeazared. the grmd car 


STAT : 
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Ue To 


rents of conventional laaps are due to threwcelectronic omission of the grid and to 
ions formed in the tube by incomplete vacuum, 

A special tute was therefore developed for measuring very low currents. This 
tube is sometimes called a vacuus-tule electrometer or a tule with a high erid- 
cathode circuit resistance. The vacuus-tube electrometer permits seasuring Currents 
as low os 10°'4 to 10°!? arp, Ly using 
galvanometers connected 1p its pl&e cir- 
curt. 

figure 172 shows the circuit of such 
a vacuum-tube electrometer. In tutes of 
this type, leaks in the griad-cathode cir- 


cuit are alsost completely eliminated by 


separating the lead-outs of grid aad 





cathode. The construction of the tulb is 


such that the path fcr the leak currents 
Fig.173 - Characteristics os a Vacuua- 


ei: Ct ect scueter is lengthened loth i-aide and outside, 


a) Control-grid current 2 ° 107!5; 
b) Ig, ua 


thus increasing the grid-cathode re- 
sistance. In measuring very low currents, 
oil is poured into the space around the grid lead-outs (A-A), inproviog the insula- 
tion of the grid. 
clude the influence of ionization, the tute is operated at reduced plate 
voltage (4-5 v). Since, in this case, the plate voltages are very low, the tule is 
sometiaes made with tour electrodes. In this arrengerent, the [C voltage 18 fed tc 
the first cathode grid, while the plate grid is used as the control grid. 

The cathode used in vacuum-tute electroncters cnoeraten at » ico tcaperature, 
This is necessary for reducing the thermoelectronic current on the grid. In partic- 
ular, thoriated cathodes are used at reduced filament voltage. 


To reduce the thermoelectronic currents, the tube is usually connect+d at nega- 


tive potential to the grid, and, in additicn, the grid is placed, not Letween the 
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anode and cathode (a8 18 csval) Lut on Loth aides of the cathode. 






Te reduce the conductivity, quartz 38 used anstead of glass, and special at- 


tenticn is perd to the quality of the tale asseakly sork. 


lo give an idea of the characteristics of such a tute, we list the data of one 


Tke 


of the vacuun-tute electroseters: 


Cathode voitage 

Cathode current 

Plate voltage 

Noltage os screen grid 

Noitage on ceatrol erid 
Fesistance of grid-cathcde leak 


Control-grad curreat 


Plate current 
Transconductaace 
laternal resistaace 
Aeplifrecation factor 
Dimensious of tate: 
diameter 


herght 


7.5% 
3.110 aap 
‘6% 

+ Ay 
- 44 
about 10!§ ohms 


< 107'% aap 
(epproziaately) 


40 ua 
25 ses 
40,000 chas 

] 


£0 am 


40 om 


recteristics of this vaecnuz-tebe electroseter are given in Fig. 173. 


The atove data indicete that the characteristics of this electroacter are 


rather unusual. * The amplification factor 13 equal to only anity, the transcondac- 


tance and plate current are very saall. 


Despite this fact these tubes make it pos- 


sible, ty a relatively szuple tut carefully executed circuit, Co seasure currents 


az low as 10°'5 to 10°'S amp or even 10°17 amp, shich corresponds to an electroa 


flux of 60 electrons per secoad. 


To increase tae statality of the tates, they are generally ased ia talanced 


circuits. 
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To increase the sensitivity of the tubes, they are occasionally used ia 
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e e v & e ® 
‘ \ : : 
circuite with a free control grid. No resistance 18 connected °* the orsd-cetade hz 3 
circuit an thas case. Figure 174 a 13 a diagram of a saagle-tule photccurieat’ azplifier. The photo- 
The tube electrometer 1s used not only for eessuring low currents tut ee for cell x2 a grid leak. Mith an unirradiated nhototube, the grid 18 disconnected from 
aeasuring very high resistances, up to 101? te the cathode and 1s charged to a certsin potential, When 
10'4 ohms. - Pe ; a photecurrest eprears. the grad begins to caischacge, 
ed ~~ ww §s 
& . A) and its potential and, consequently, aisu the phate car- 
Secticn 99. Photocurrent Aopli fiers 
eee wa | . rent 1ocrease, snich is recorded cv che raostrament A ia 
Photocurrents may Le anplified by ordinary AC U, e220 the plate circuit of the tube. Such a ciscurt can 
or Di amplifier circuits. There are also a ousker eeasure currents as low as 107!4 - 10°!S asp. 
: Fig.175 - Ciagras of 
of specaal circuits for mpliiving a photacnrrent nec tiewieven Ebotae Picare i100 @howa avdvifereat:pliotacdtrest splice 
Let us consider & few of these: tule fication system. Here the phototabe 1s coonected with 


the plate of the tube and is a plate leak. With unirradiated phototule, the grid is 
Api fiers with Extrinsic-Fffect Phototuke 
negatively charged, but shen photocurrents appear, 1€ acuuires a negative charge, 





J. =4-by In these circuits, the phototute is a rrid leak. causisga@ generation of currents flowing from the tube cathode to the grid and a varz- 
>= 


en phe a sre Be de af hte : , 
Ii the absence of irradiation, the phototute has a ation in the p!ate current. At high radiant fluxes uncident cn the phototabe 


‘ Figz.174 - Circuit of Sinele- call fini In thi wh cr 
t Tule Photocurrent Amplifier practically infinite resistance. ‘np this way, shen - cathode, the prepertiooslity tetween the flux snd the plate current of the tute is 
a- Yith phototube acting as the phototube 1s not irradiated, the grid 18 dis- ar 


: : wmpaired, cue to the fact that the grid currest# atc laigez thaa the photocurreats. 
erid leak; b- Bith photo- . F 
connected from the circuit and is charged negatively 


cube acting as a piate leak This circuit can therefore be used only for cocparetive measurements. 





| 
\ 
Ly the electrons ex:tted by the cathede of the tute. Ia the circuit shown am Fig.175, the plate cf the phototube 1s coanected with 
On irradiation of the phototube, a photocurrent appears, causing the grid potential ‘the grid of the azplifier tube. thea tke phototube is not irradiated, the «rid is 
_ and the plate current to vary. "+ — Free and is not coupled with the rest of the circuit. Tf a tube haz a transcon- 

A tube operating in such circuits must aot have its own leaks nor ionic cure dactance so high that, with a free grid, 2% tas ® rather hies plate czereat, theo, 
rents acting as leaks. The grid of the take must, therefore, te sell insulated. To | even under ioe irradiation of the phototube cataode, the grid dequites:a hal weses 
prevent the occurrence of 10%1¢c currents, the plate voltage 18 reduced to 4-6 v. tive charge, which reduces or coepletely stops the plate curreat. Sach a circuat 

"However, since at such plate voltages the transconductance of triodes is saall, | cay Le very seesitive and give azplifications of 195 - 106 times; whee tates zath 
” tetrodes with a cathode grid for counteracting the space charges, are used. The | ve., good grid inmulationa are uacd, currents as low a3 10°24 - 10-!8 aw. can te 
( - vacuum-tube electrometer descr:bed in the preceding section can Le used ia such cire | =  seplified. 
cuits. 
. ! 
The resistance of the cathode ansulation of the photocell must lokewrse te ° STAT 
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Ordinary Photocurrent Acplifier 


In the above-described circuits, the plate current is deterwined Ly the poten- 


tial aceurred by the grid due to the charge present. The vrid of the aepisfrer tuts 


1s connected with the c1rcuit only acress the phototuLe. In conventroosl aspiafier 


$ 





Leys ous Use 


es 


Fix. 176 - Circuit of Normal Sing] e-Stage Fig.i77 - Carcuiats of ‘‘Inverse” Single- 
Photocurrent Acpti fier Stage Photocurrent fAaplifier 


circuits, a certain voltage 1s veposed on the e£T1¢, and 1t 1s this voltage thet 2e- 





termines the plate current for a given plate voltage. 








The circuit io Fig.176 differs from those discussed above in that the resistor 5. 





oN 








R_ is connected in the grid circuit. Across the resistor Ry» a voltage U, can Le 


8 
amposed on the grid, this voltage determiniog the operating condiisops of the tube 




















at a piven plate voltage. Whea the phototube is iriediated, a photocarrent 15 gen- 











erated and flows across the resistor R,, creating a voltage drop xcross ii. In chis 








case the grid voltage and, together with it, the plate current vars, a process which 





vcaaa 9 emamnaactetitte to a ate OOS 








is recorded Ly a measuring instrument connected in the plate circuit of the tute. Ia 








this system, the plate current increases with the photeccurrent. 











Another version of the usual explifier circuit {the so-called inverse circudt) 








1s shown in Fig. 177. Ia this cirent, the variations of the photocurrent and the 








Nate sate neh a anataitnnn wear bea 





plate current of the tube are inversely proportional. ‘ith increasing photocurrent, 








ee me 
we 
- 


( the voltage drop across the resistor R, and the negative voltage on the grad in- 








crease (nuserically), while the plate current of the grad decreases. At a certain 








value of the photocurrent, the plate current of the tute can be comietety stcpred, 
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and the tube will be “blocked”. 
The resistence b a2 lerge, tesss 198-108 ches. Its vabue teper ds cu the type 
of tute used. 
In such circuits, ordinar triocss cs8 te used, preferativ those sash verv icw 
icnic currents and hgh leak resistance. Yo increase the resistance of the teak, 
the socket 18 sonetimes resoved frea the tube and replaced Ly an itaproved tare socket, 
or the systex 13 opcrated without eather. 
The current axplification in these circuits say go as Lips as i0%-1)3, for a 


single-tuke srrangexent. 


Cocpensaticen Circuits of Pkotocurrent Arplificaticon 


In the carevits scst discussed, the variation ia tctal plate cirrest vas 
xeasured. To incresse tke sensitatits, cospensating circuits are sonetizes used. 
Figare i7& represents one such circuit, ased 
Ww LA for xeasuring the variation 28 plate curreat 


cansed ty tte photocerrent, without taking tke 





'G) 
Ls, Pm a eel direct componeat iato consideration. This 
ome 


allows higher sensitavity of the circuit and 
Fiz.178 - Coepensatron Circurt of the use of bigsh-sensitisity smetroseats, e€3- 


Singie-Stage rotocurrent Arplifier 
pecially galvanoneters. 


vee All circuits for weasuring current differeaces are very sersitive vo exteraal 


aufluences, shich affect loth the phototabes aod tke axsplifyacg tcbes. One of tke 

eeeies of circnit instalLility is a chenge ia the total :lloszisation of the photo- 
tule, leading to a change 1m the pbotccurrent and, consequently, to a change ia ite 
plete carrent. In thas case, the zero position of the pozater of the zeasuriag ia- 
struzent 18 disturbed. 


A carcuat with to pbotocells (Fig.179) is souetises used for amlification. 


le such arrangements, one fhototube is .vanected so a8 to react oaly ta tatal il- 


Ynganation, shale the other photocell, 1a addition, faxes the scsplemeatary fluxes STAT 
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6 al i . ati ia- 
e@ mcasured. If the fluxes in- the grid circuats ef the secand tube Such an arrangerent, compensating the varia 


ne ane ae & 
o 


incident on the cathode of the photocell, which aust t 


the plate current will not vary. 


e 
umsastics 


tiona in feed voltage, does sot remain stable at changes in the corel sblen 8. 
exdent on Leth photocells vary 20 the sme way, 


oe “eeeee aot 


The circuit shown in Fig. 181 is on 1aprovezent over previous circurts. In this 


e an cpposite effect on the grid. It 18 only shen the 


= ene ane 


since the tzo photocells hav 
circuit, in order to exclude the influence of total allesznastion, rhototakes are con- 


yoriation in the fluxes incident on the pho- 
nected in toth aras of the tridge. As a resvit, at equal chance 1” the fixes 





Lotubes is unequal that the measuring instrue = 
: > 
© ek y deflection at all. and this ve striking the phototubes, the plate currents change 1n the sace way so that there 18 
men shows an ® 1 
if a a d he diff vee | no change of the current in the measuring instrazent. Thus the influence of total 
Aeflectaon corresponds to the dillerence 
t the lumanous fluxes alluginatava as excluded and only the dafference of fiuxes incadent on the photo- 
ween ° 
{ 
The variation in the feed voltage of all tubes 18 ceasured. 
Fig.179 - Diagram of Circuat with the tube carcuits also causes circuit de- Pridge diagrams have a far higher stability thao ordinary unccepenreted cir 
Two Photocells, for Cowpenssting T 2 b safluences, circuits : * * ouats. A certain resacual instability is explarne2 tv the incomplete syazetry of 
the Varsationz in Total Illuniaa- tuning. o recuce these iahiuences, . 
the circuat, due to the fact that ats elezents are cot ideotical. For this reason, 
Cron analugoes to conventional Eridge circuits are 
a) Flux Leing measured; b) Screen ie a. Fi 180 shows a conpentation an designing such crecuits, particular attentions eust te paid to having all elexents 
often used. Figure p C s 
} teri into the circuit as unifors as possible. 
bridge arrangement characterized by all cirenits of hoth tubes tearg fed from one Caserten Per po 
1 
and the same source. “hile the instrument seasures only the difference in plate _— 


Fig. 180 - Coxpensation Bridge Fig. 181 - Compensation Pridge Circuit 
Circuit with Txo Phototubes 
a, Blocked flus 





( currents. In this way, fluctuations in feed voltae would have practically no ef- 


fect oa the accuracy of scasurcacnt. To compensate the asyxmetry introduced by the 





cepacitance and lesks of the phoLoelement, a capacitor and resistor are connected ia 
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CHAPTEH XI 


OPTICAL FILTERS FGR INFRAKED RAYS 


Section 99. Purpose of Optical Filters 


The spectral vorposition of radiant energy from various sources and the spec- 


tral characteristics uf sensitivity of the receptors of thas energy vary widely. It 
as often necessary to change the spectrua of radiant energy of a source or the 
spectral characteristics of a receptor. One of the samplest sethods of separating 
the radiant energy of a required part of the spectrum is Lv filtering the radiation 
by means of a ocdium having a selective transmission. 

Sy-tcss designed to change the spectral couposition of radiant energy ase 
called optical filters, regardless of the region of the spectrum (visible or in- 


visable rays). Such filters are used for the following purposes: 


Isolation of the required spectrua region of the radiant energy of a source 
or the spectral characteristic of a receiver; 

Separation of the total flux of radiation into individual spectral portions; 
Separation, in photography, of definate portions of the spectrus to eliminate 
the effects introduced by selectave scattering or absorption Ly the medium; 


Maximum attenuation of the rediant energy in portions of the spectrus rot 


required for the work. 


Section 100. Prine:ple of Construction and Ciassification of Optical Filters 


All substances, to some degree, alsorb the radiant energy passing through them. 
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Radiant energy induces oscillation of the free or tound electrons in the subatence 


(intra-atowic or intresolecular electrons), and also osci! lations of the rolecules 


or atons. Free electrons can oscillate only with the frequency of the incident ra- 


diant energy. The atsorption of radiant energy due to the oscillations of free clec- 


trons 18 therefare slsoet ssdependent of the frequeacy, so that the absorption curve 


is uniform over the cetars spectrum. If the absorption 18 due to oscr \lations of 


aolecules, atons, or Lound electrons, then 1t is eanrfested in the fora of toda yidual 


atsorption tands (selective absorption). wost absorption Lands of ianfrared raya are 


due to xolecular osc1llations. 
Mericul filters ate ctaccifsed Ly theas optical properties (spectral charac- 


teristics) or ty their purpose. With respect to spectral characteristics, falters 


aie sobdivided into three classes. 


Class 1, falters troagly absortisg rays cf a vavelength less than a critical 


wavelength A, (characterzziog the filter), tut readily passing rays of » zaselergth 


more than Ay. 


Such spectral characteristics 28 the infrared resion of the spectrum are ex- 


hibated, for instance, by speczal classes passing radzant energy of wavelengths 


above 0.75-0.8 1. 
The fxlters in shich the critical wavelength lies ia the iafrared region also 


include eLonate which passes only reys of a waveleagth above 0.8 Ut, wood, end paper, 


*-- whach begins to pass radiant energy of someshat longer wavelengths. 


Cloes 2, falters resdily transzatting light of a wavelength A < Ay and strongly 


absorptive at A > Aq, i.e, filters not passing vaves longer than Ay. Filters of 


this class, as far as arracgement of their zones of transmission and atsorptioa 18 


concerned, are the reverse of filters of class 1. 


(kKZ1), which passer rays of wave- 


3, rock 


The filters of this class include sylvinzrte 


lengths up to 21 u, and fluorite (Caf,), which passes wavelengths up to 10 


sale (NaCl) «ath a threshold aear 16 4, aad quartz (S30,) with a Loundary up Wa 44. 
as cut-off filtets. 


STAT 


Optical filtecs of the faast too classes can Le characterized 
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A ae 
Class 3, filters stroagiy alsorbing over the entire spectrum, except for cae or Liquid filters are nade 1a the forw of a vessel with plane-parallel ealls, 

several norrow vavelength regions, within shich the falters readily pass readzent ¢n- folled e1th a solution of a coloring matter. The salts of certain zetals ‘Cu, Co, Cr, 
\1) or orgenie dyes, for exasple anilice dyes, are used as sach coloring matters. 


ergy. 
=, osths 


These fi.ters are called band filters or conochivumetic filtera. Zose liquid filters, for execple a 7% solation of coprons chiored 
According to purpose, filters ray ke subdivided into two groups: 25 cw thick layer, #21] completely aisort sofrared ravs. Fsgcre 182 shows the ab- 
Spectra} filters, isolating a relatively .errow frequency tand cr ca entire sorption curve (2% of a iiquad filter gude of a snlation of copreue chloride and, for 
region of the spectrum, for exazple, infrared or ultraviolet; cosp: cison, the absorztxsoa curve (1) of al cw thick 


water layer. 


Section 19]. Absorpt2co of Fedsant Enerev ia Optseal 


Filters 


Compensation or correcting fxrlters, which change the spectrum of » zadiant 


flux or the spectral characteristic of s receiver, tv Lrineree tt ente the 


required fore, this group rncludes su-called neutral fiiters, shich attenuate 


a radiant flux without changing its# spectral cospe sition. 
The radzant flux passiag through an absortiag 





reresty of sll substances; for 


ALsorption (selective or nonselective) 18 @ PIF 
cedius 18 attenuated Ly 1t; at selective atsorptioa, 


this reason there are volid, liquid, and gaseous optical filters. : ; 
Fig.183 - Atsorption Ciagrze the attenuation of the radrast flux depencs on 1ts 


Solid optacal filters are structurally core convenient than liquid or faseous of Padiant Flux ty a Filter 
frequency. The radiaat flox = passiaoz throzgh a 


types, but therr absorption characteristics do not always satisfy the requiresents 
The ratio of these flaxes defines 


tj wedice is aiuays less than the 1acicent tlux 4). 


the transaission factor (or coetricient of trasspareacy) <: 





fy z (17S) 


a 


The absorption factes <t relates te the entire thickness. of the atsorting Jaysr. 









yuu Ss os 
For a xonachresatic flux of wareleath 1, the ratio of the fluxes 1s charac- 


Ge a5 as a7 as as f 
23 


Fig. 182 - Absorption Curves of Liquid Filters for Infrared Hays terized ty the spectral trenssissioa factor %). 


1- Absorption curve of layer of water 1 cm thick; 2- Absorptios Let us discuss the sacplest case of absergiion 1a & zedius where the absortiag 

curve of 2.5% solution of cuprous chloride wath a layer 2.5 ca 
thick; 

a) Wavelencth, 1; L) Absorption factor %), g ear 


Layer is homogeneous, while the radiant flax is ronochromatic. 
tely thia layer dx (Fig.183) of a aedia sath an absorptior factsr 


; kh, im cross section x, 2 flux 4, 18 1ncideat. The aksorptioa ia this layer will te 


necessary to use liquid and gaseous fxl- 


they must meet; therefore, it 18 socctincs 
- expressed ty the equatica 


tera. 


Gaseous optacal falters are difficult to produce and are not durable. d@° - kode (177) 


STAT 
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‘ 1 t t 
: On integrating this eypression over the entire thickacss (13, ze obtain th: composing the filter for a gaven wevelength. The quantity Dy is related to the traas- 
value of the total absorption in @ layer of s giver thickness: mission factor t) by the expression 
t 1 ' 
! t \ Kole toilet tk (183) 
j hea Sas (178) d 
e ° 
3 Fquation (183) indicates that the abeorption factor chorscterizes the optical 
: At a uniform layer, shen the absorption through the entire thickness 18 the | density of a layer of a given wedios of unit thickness 
sane, we have The total transmission factor of severe! apsorling layers is equal ic the 
k, " const ° k product of the transmission factors of the individual layers: 
Solving eq. (178), we get Tan * Thr TA2 TAS +++ TAe 
to ek! (179) while the total optics] desnity is equal to the sum of the densities of each layer, 
1.Gey 
Equation {179} thoes the relation between the transmission factor T and the 
length | of the path traveled by the radiant flux. The quantity k .s called the ex- : Bs = 17 Pas * Das * ee * Da, 
tinction (or attenuation) factor and characterizes the ability of a medium to attea~ : 
: é on The total (integral) transtissioa factor Ty of a nun-cocochromatic radiant flax 
uate a flux of radiant enerRy- Equation (179) expresses tne exponential law uf at- :) . 
( within the Land limits froa 4, to X,, taking scocuat ef the distribation of the ra- 
tenuation of radiant energy. 
; . dient energy incadect over light filter oi passing through it, is expressed Ly the 
For 2 monochromatic flux of a wavelength of A, the transmission factor 38 ae 
1 
: t 
nie M (186) - ‘ 
i S J &l Ma 
where ky, is the attenuation factor of a sedium for wavelength 4. } +e $ Ly (184) 
om Ic es # 
: = 
In dec*ual logarithms, eq. (179) may be expressed as follows: : i, % 
&, aA 
\ 1 
t= lok’! (181) | 
i Frequently, the total (integral) Lreasmission facter ty of an optical filter is 
The attenuation facter k and the absorption factor k' are connected by the re- | Y 8 2 
defined by taking accouat of the spectral cheracteristic of the receiver: 
lation | 
{ 
( - ! 0 = 
k= kigs10 = 0.434k (ise 2 J ty vn tT AA 
. “ ‘ies (18s) 
; 2 2 
Optical falters can be char-cterized by the optical censity PD) of the substance : 24M ee 
e 
STAT 
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~e ee ee 


- 


C 
where tT), ° spectrai transmission factor of the optical filter; 


certain other materials. Figure 184 shows the transaission curves of thin plates of 


—~e + 


¥, - spectral characteristic of the receiver: eboniie, eicea, gelatine, cad celluloid, while Fig. 185 gives the spectral transmission 
, 


to ° mouochronatic flux of radiant energy incident on the filter. 






The total transsissisa fac.er ty is always less than unity. Part of the radiant es 
f flux falling on the filter 1s absorbed by the falter and heats 1t. When the power of 2° 
‘ " the flux passing through an optical filter 1s zreat and the totel trensmassion factor vs $60 
is low, the losses of radiant energy in the filter and thus also the heating of that a 
filter. may be quite hagh. Therefore, wherever a filter 18 used, the sllowatic power : 
dissipation at which the filter will stall caintaan its spectral charactertatic and Z 


mechanical properties cust Le keown. ; 


The transmission factor of a filter can soretimes be defined in terms of the | 
‘ tig. 18% - Curve of Spectral Transu3s#100 Fector of Several rilters 
quantity of coloring watter in the solvent. Im this case, the vaive of the concen- 1. sca (0.02 cm); 2- Gelatin (0.06 mm); 3- Celluloid (0, 14 ony: 
tration of the dye c, expressed in ym'em?, 18 introduced in eq.(161). Then, 4- Ebonite (0.1 mm) 
! 
=" 107k! (186) characteristics for various mater? als. Fiaure 185 andicates that these saterials 
( a can be used ia preparinor opt*sal systeas aod filters for uefrared rays. 


The product cl expresses th> surfzcs concwntration of the dye, i.e. ita quan- Ordinary sics has a side transmiss100 range, shile Liotite, which passes in- 
tity per unit surface of the filter. Peaotang this product by N, we obtain frared rays, partly blecks the sizable cays. for muscovite and biotite, the traas- 


<= 10°%'s (187) 


The velues of vse aurface concentration N is measured in grams of dye per a? of 


light falter. 


Equation (186) is applicable to liquid and solid optical filters. 





If an optical filter is sade from several dyes, then the total optical density 


Fig.165 - Transmssion Factors of Various ‘‘aterials ‘ 
l- Pyrex glass; 2- Plate glsss; 3- Quartz; 4- Flnorospar; . 
5- “Yuscovitcs; 6- Biotite; 7- Flvorate; 8- Sodies sluoride; 
9- Fock salt; 10- Sylvipite; ll- Potassium Lroside 


is equal to the sum of the optical densities of the individual dyes, provided that 


they are chemically inert with respect to one another. 


eats oe evete tate ah nermlnnen we ete ne ae eet Me hee 


a For optical systems (lenses, prisas, plates) designed for work in the infrared 











— a) Wavelength, »; b) Traasaission factor Tt), % 
region of the spectrum, as for infrared filters, various substances transparent to | - 
: : . have an ebsorption tone 18 the erea 9-10 », followed by a aes 
unfrared rays are used: special kinds of glass, plastics, a ounber of crystals, and mission factor carves hs 
5 pass-band with a caximus at about 12 u. Sach substances as gelatia and celluloid 
STAT 
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Auction of filters with the saze characteristic. 


pass infrared rays of wavelengths up to 2. 5-3 u. 


A light filter 2s eost cocpictely characverszed ty the spectrum, the trans- 


Section 102. Types of Solid Optical Filters and their Characteriatzcs 


zissiun curve, or the optical density curve. 

























Solid optical filters ure made of gelatin, colored glass or plastic, and of cer- Figure 187 gives the characteristics %) ° f{%) and Dy © £()) for three tvzes of 
- tain other solid substances. glass color filters 4: -:gnued for rsoletang the infrered rays close to the visatie 
e - z - Oa 
« Gelatin filters consists of « thin filw (0.5-0.1 mm thick) of ved zelatin. To ne Base ee 3 
d) JO ee fy 
protect it fren motsture and the direct action of temperature, the film is usualy eo oe Soe ee 
: Weec ba vel ay eeyenr ccc toess 
placed Letween two plane class plates, ce- ay HE PRN Tr 
mW boeboe silbes: X. ook ae 
mented together with Siterian Lalsam. oa j WET ES oe 
te o e@bert bee 
t° geese id a ass oe 
Organic dyestuffs are ordinarily used Leeann Lise 
. heros stisghra:fPh il f 
to colsr gelotan falters. f: coors ce eth sth te ese ete : 
z AN ae ee eee 
= mp t 
tigure 185 gives the curve character ‘NEI TS se LOLS l 
eres: teseesges theta ere grec tper 
izing tue relation Letween the transz1ssioa | ee : \ 
wisi Ata | 
factor of a gelstis filter aad the save- t tietioks. ==t 3 f>) 
: Fie. 186 ~ Helstion Leteeen Traas- ; : a) : rtefe-- hie of 
e1ssion Factor of a Gelatin Optical leneth. A filter of this type readily passes : Seca aes besos ° 
’ iad cess 7 om } 
( Filter and the Savelength infrared rays, Leginning sith the longest. ~ tbetreas terre 2 ' 
a) Wavelength,u; b) Transmission { 
factor t), % wuves of the visible portion «f the spectrum. fe 
: The disadvantages of gelatin color fil- : 
ters are the instability of their spectral characteristic with time, the iow zech- 
anical strength, and the dependence of the filter characteristics on humidity and EEE 
a? teaperature. oe ¢ 
Glass coior filters are made of glass, colored ty wolecular or colloada! dyes. Fig.J87 - Curves of Transzissioa Factor 7) and Optical menaity Cy 
. : : . : for Glass Filters of Cifferent Types (KS-10, KS-11, and KS-12) 
The coloring matter used include oxy-salts of cobait, nickel, iron, chrosium, and a) Optical density DA; b) Savelength, -;; ¢) Trensaission face 
certain other metals, as well as gold, silver, copper, cadzium selenide, or sul fide tor, %; d) Ultraviolet rays; e) Visible rays; f) Infrared rays 4 
@ 
iz the colloidal state. : a 
_ portion of the spectres. For each type of these filters, tac cartes £3) and (2) are 
The dyestuffs are added in ver: small quantities and make up only a fraction of : ; 
c am ¥ “x given, corresponding to thicknesses of 1 and 2 um. The optical falters KS-10 aad i 
a percent of the total mass. .° ; : 
- : . KS-1] partly transart vasitle rays (red light), shile the fultez &S-12 fazls alocs 
Glass optical filters have the following advantages over gelatin typea: heat 4 


compretery to do 80. 
= resistance, tame stability of spectral characteristic, and possitility of mass pro- 


STAT 
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* = rte ~ eee te ee oe ee se ee 
oo me a. le - - anes - ee . 2. 

we - - ° = wea - owen te - ee awe ee ee ee a - a ae! i o 3 fons , ‘ . , 
. * 2 oo a at 





Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 



















Declassified in Part - Sanitized Copy Approved for Release 


for a glass conte:ning 


visible Iaght 


Figure 188 gives the spectral transaissicn characteristic 


manganese oxide. The charecteristic shows that this glass 1a opaque to 





Fig. 188 - Spectral Transmission Characteristics for GJass mth 
Vanganese Oxide 
a) Wavelength, u; b) Transmission factor T), % 


eadily passes infrared rays vith a wavelength from atout 0.9 to 2.5 » and has 


This plass 


Lut r 


ats transaiszion threshold (*) * 10%) at a wavelength close to 4.5 u. 


may thus serve as & good optical filter for the near infrared rays. 


A number of organic dyes are used »n plastic color filters, characterazed Ly a 





high transmission factor in the infrared porcion of the spectru= and by stroug sb- 











sorption in the msible pe rtion. 


Organic dyes are introduced rato color filters Ly one of three methods: 


Evsporation of a file oi dye; 


Deposition of a film f,om a colored plastic onto @ glass base; 


In the fcra of a constituent of the plastic. 


Color filters prepsred by the evaporation method have someshat less favorabie 


spectral characteristics than those prepared by the last tro actheds. 







Cellophane, NyJon aad polyviny} compounds are generally used as films ia 


phastic color filters. 







Figure 189 gives the transmission curves for optical filters of colored cellu- 


loid film (Fig. 1892) 0.04 ™ thick, of colored Nylon film (Fig. 189b), and of poly- 


vanyl file (Fig. 189c). Color: filters may have different cransaission factors. These 





ot renee 6 oe 
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wae ee 


a 23 
0 i 
7 aio ww YY 
-- a) 
Fie. 189 - Sreceee} Trenmissisa factors ui riastic Filters 


_|-° pw region are made of silver sulfide (Fig.189d) and fureoe prtch (Fig.189e). The 


- of 2.4-2.6 ue 


curves show that color filters of Nylon file have e lower transmission factor thaa 
color filtera of celiulord fale. 

Lolor filters of polyvinyl file have a very steep trans71$8108 characteristic 
A dis- 


for anfraced rays, whick ersures better obsorption in the vasitle portion. 


advantage of these color filters 1s the 1epaiment of transmission when the filter 





a- Ceiluloid, L- ‘Sylon; c- Polyvisyl; d- iniver cal fide; 
e- Furane tar 


a) Wavelength, u; b) Treasaission factor t,, % 


is heated to over 100°C. Nerrow-kand color filters with hash transsission ig the 


maximum of transeission of a silver sulfzde color fiicee 18 ia the spectral region 


STAT 
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Section 103. NonabsorLing Color Filters 


we eee eer 


Absorbiag color filters separate the required radiation with insufficient sharps 


Fo. thas reancn in mony cases color tilters of other types are used: powder 


a ae 
Vert fete aaa 


neds. 


1c9 





a) 
Fix. 190 - Curves of Spectral Transmission Factors of Seleniua Black, 
Tellurium Black, and Bismuth Black 
a) Wavelength, u; 1} Transmission factor 7), % 


filters with rough surfsces, and filters with varzcus refractive indexes. 


The action of powder color filters 18 Lased on 


















Powder Color Filters (Bibi. 18)- 
oO te colccering of incadent radzant energy by partzzles deposited on the sur- 
face of a transparent plastic. The transaisszon of the filter depends on the size 
_of th particles and increases as the dimensions of the particles aad the sarveleagth 

of the ray become commensurable. For exanple, for the transmission of radzant en- 
ergy of wavelengths from 2 to 7.5 u, the particles mest renge in sxze from C.22 to 

2S u 
< Powder color filters are made of seleniua, tellurium, tismuth, zne oxide or 


magnesiur oxide, and of certain other materials. 


irxure i90 gives the curves for transmission factor variations as a tunctien of 






the wavelength tor several powder color filters. The seicniym color filter docs not 


transmit rays of wavelengths shorter than 1,5 » Lut readily passes waves longer than 






\ppttninn an mee comer 
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0 
3 u (up to 90%). Selenium filters are therefore successfully used for cutting off 
the descending Lranch of the spectral curte in the short-wave infrared region of the 
ot 
on &° 
» 4 


- te ta 
Cy be 


aQ ¢ 





Fig. 191 - Tresezzssion Fector of Sasacesus Qua d+ and Zine Oxide Color 
Filters 

l- ZnO on wicsa; 2- ¥g0 on nica; 3- ZoQ on cover glass; 4- “0 on cover 

glass 
a) Ravelength, u; L) Transmission factor ™), % 
a spectrum, 
The curves for the transaission factors of color filters of sagnesius oxide 
aad zine oxide, applied an powder form tv cica acd giass, are given in big.191. 


are wade of a material transparent to iafra- 


Color filters with rough surfaces 


red rays. rhose surface is roughened. 


hays of wavelengths shorter than tie particle size of a rongh surisce, are 


scattered by such a surfsce, while rays of a wovelengtin considerably exceeding these 


dimensions, ate freely transmitted. The region of sacvelongths couscnsurable with 


the particle size is intermediate between the two. 


Yhe spectral trensaission characteristic of radiant energy ty a color filter 


with a rough surface depends on the dacensions and uniformity of the particles re- 


() 


sponsible for tke roughness. At high nonuaiforsity, the color filter will transait 


a wide range of “avelengths, and the transmission factor curve will be shallow. At 


hagh porticle unsfsra.ty (obtaived, for exaaple, ty treating the surface in & 
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stances are the same for several wavelecgths but different for others, the medium i 


; 3 
is transparent to the former and opaque to the latter. Such a medium may be used 









as a color filter. ; 
In the transmission of radiant energy through such a filter, that portioa of 


it for which the refractive indexes of the two substances are different is dis- 


Designation of 
gaven materiai can be used. 


i celencths fcr whi tive indexes of the 
persed. Oniy ihe nergy of wavelength) fer which the refractive inaexe 


Glass 


Fured quarts 


Crystalline quartz 
Lithium fluoride 
Fluorite (fluospar, 
calcium fluorite) 
Sediunm {lvoride®* 
Rock salt (acdium 
Sylviaits (Potessium 
ch) erade) 


chi ride) 
Petaesiua bromide 





Brotito mica 


Muscevite mice 





t 
i i 
c i ‘ 
© ° . . « “ e a a Ne 
solvent instead of mechonically), the spectral charecteristrc of a color filter he ‘ : 
a sharper transition from absoiption to transmission. i : 
Figute 192 gives the spectral transmission characteristics of radiant encrpgy 
j : . s dA s | a 
for color filters with rough surfaces, prepared from rock salt. The curves A and A, £ 1 | " é 
&@ i.e > ~ 
relate to filters with r ugh surfaces ' 3 - | | * 3 : 
o treated Ly a sechanical r-thod (sith car- : a 
3 and B = g a $ 
Lorundum powder) whale the curves J and Dy < 23 “ 
“ 9G ei se 4 3 
6 a - 
relate to filters with surfaces prepared by s 2g nwo y 2 
x i a e 
dissolving the surface layer of rock salt. s : 
. = 
e 
A disadvantage uf rough suriaced fil- 2 f Z 
S 3 ; 
ters is that their transmission character- cs as 
e = 2 3 3 ‘ 
as : n s ‘ 
Fig. 192 - Transmission factors of istics do avt sharply deliwit che regrons = 2 a 2 : 4 
o . ‘ - 
Fock-Salt Color Filters with Hough of diffusion and transm1ssioa. sy ; 5 3 
Surfaces: a5 7 5 & 4 : 2 
i 5 i es. 3 3 : 
A, A, mechanical processing; Filters with Vorzous Refractive Index * 2 é : : ‘ 4 
B, By, treatment with solvent The action of these filters is Lased on the = S e ; ! : : 
a) Wavelength, u; b) Transmission ai a a & 3 z 2 
( factor T, % diffusion of radiant cacrgy, depoediag on ~ 3 3 fee : 4 ; 
: ; a be iS 
the refractive index of the mediua. Media = 3 : ¢ 5 
her sub 2 8 3 <a 
of one substance (solid, liquid, or gaseous) with minute particles of another sub- ; : : i 3 “ 
° ve . te i ¢ 
stance suspended on it, form an optically uniform medium, which does not scatter s = 3 
i cast: i the sexe. If s 2 
_ radiant enerry, af the refractive indexes of the two substances are . : s : 
i eS te 
‘ however, the refractive andexes are different, the medium is optacelly nonuni fora = : ; 
s 
: : aie s .e two sub- : v 8 a 
and therefore diffuses radierct energy. ‘hen the refractive indexes of tie t § 3 
ae 
Oo -- 
5 & 
ses 
~ 3 
24q4 
Be: 
EY 
° @ 
433 
a | 
. 
Aad 
e e 
e 


two substances are the same wil) pass the filter. 
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The width of the pass-vand of the filter depends on the dispersion of the sub- 
stances forming a filter, 1.€., on the variation 1n the refractive index for various 


wavelengths. The greater the difference in the curves characterzziag the dispersion 





7 b) Ds CHAPTER Xf 
2 i 
" CAL SYSTESS 
i ae ee e cI OPTI 
7s So rgsaservas™ 


a) a) Section 104. Purpose and Claesification of Optical Systeas 


Fig. 193 - Curve for Dispersion Ly Pock 
Salt 
a) Wavelength, u; b) Refractive andex 


Fig. 194 - Spectral Transmission Charac- 


teristic for Filters of Powdered Quartz 
a) Wavelength, u; b) Transmission fac- 


Optical systezs serve to redistribute 


source of radsation usually forws a flux scattered 10 all directicas. 


the flux of radrant energy in space. The 


The optical 


tor tT), % 


of the two substances, the smaller w221 be the spectral region asolated by the tal- 


ter. 





Figure 193 gives the dispersion curve for rock salt. The refractive index 


varies with the wavelensth; at A = 32 u and h- $4 pit has the same value. Fig.19S - Illomination of a Screen wittcut Lens 
Por AAbNESt ste ees transmission corresponds to wavelength vf \ = systems transfore st into an oriented flux, thus concentrating the radiant energy 
= 12.2 u. If engnesia is placed in carbon tetrachloride (CCi,), the tranasis3i0n sdccdiveiarsitaskeeluicieacly: 
; mevimum is shifted to 2 sa-slength of 9 u, at which the refraction indexes of mag- To show the efficiency of using an optical system, let us compare ihe iilumina- 
vanes ee et Sessile eee produced Ly a scurce of undirected rediatzon sith the allueisation produced Ly 
The spectral characteristics of transmission of pordcred quartz, suspended ia Sng dac, Gane aten a lect udl calneetea Me qumets i eo raps ae 
air (curve C), 1n liquid CS, (Carve A), and ia liquid CCl, (curve 2} are given ia 


source of radiation have the shape of a flat plane disk (Fig.195) of dismeter d and 
Fig.194. 


area S, and let it have the brightness B. The lumioons intensity of the source i8 

3 i dicate their great variety end the possibility ; 
These data on optical filters indic g dufraeacins tuestaietien 
of using thea in various portions of the infrared region of the spectrum. 


ee eens ee nn ee er eae eee eee FETT mNONERO OT we Pe ee 
‘ 


-_ 
‘ 


-9 
ore née” 
Table 44 gives the optical characteristics and specific gravity for a few ma- 1* BS * 8B (188) 
terrals trenaparent to infrared raya. 


Then, at indirect il}umanetion (wrthout an optical system) of the plane 
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acreen E, located at a distance | from the source of radiation, the rlluwinatoon of and the illuzination of the screen Ly 


the screen (disregarding the losses in the ntmosphere) will be 


o 
ae ee ee 
. 


1° 
ES = — (194) 
12 
a (1899 
2 
The ratio between the rllusiaations E* and E defines che gain obtasned Ly using 
i the flux incident on the screen will be om an optical systes. This ratio 18 called the opticul arplificatzon factor of the 
e flux . 
' systea and reeds 
$= lw (190) 
gE 
k ae (195) 
where #is u solid angle. ‘ 


If a correctini lens (Fig. 196) is olaced tetween the energy source allusinating Let us deterine the relation Letween the cpiscal arpli fication Pactat ok the 
the screen and the screec, itself, then the flux incident on the Jens mill te syatee and its diaseter. from eq.(191) and (193), ve ebiara 


b, * Tey (1S i) } ‘, fat 
I's —* — (196) 
a } HW, 
The illuminataon of the surface of the lens wili Lecome } 
} 


The solid angles w, and we are detersined ty the ratics of the «reas of the 


] = 


- E® 


—_— 


(192) ; 


oe 


wore 
= 


spherical surfaces cut out of a plane, to the squares of the distances |, and I,. 


Considering thai these angles are seail, ve way write 
For an idesl lens, giving a correct, undistorted image, the flux €, * ¢, leav- 


. . ‘ 
; ; ms i Ra- % 
ong rt wird) be propagated uver the solid angle «,. Then, the luzinous sauteasity ¥, * s ead wy, * BD 
~ $l 
2 








+. where d * diameter of light source; 


D < diameter of lens. 





Consequently the enplification factor of ao ideal optical system (at U, x [,), 


will be 
Fig.196 - lllumination of a Screen from a Leas 


ig) Mae, tg ee 


: T 8 @ 
O= 


(197) 


lesving the lens, aa 1t would cave = source, is define! Ly the relation 


7™ 


eee erential nieered ae ceatrnaban seen mae on wraasnpaien amie ave Amie 2S 


a ¢, 
Es {) + (193) 
‘ “ 


The emplification factor of an actual optical system (with 1, & 1,) is de- 


termine? by the relatica 





2357 
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k°q ov (193) 
a2 
where a is a fector cheracterizing the !osses in the optical system. 

Tt will be clear from the lost relation that. ot increasing diameter of the 
optical system and decreasing size of the radiation source, the optical sapiafice- 
eron factor of the system increases. 

Fquation 198 for the coefficient of optical amplificatioy of a system holds aot 
only for leases Lut also for reflecting systems. Heze Ul denotes the diameter of the 
reflector, and q that of a factor taking sccount of s}) losses, including the losses 
through reflection, absorption in the insice of the glass of the reflector, and the 
shielding of individual portinne by opaque pazts. 

The optical sapiz fication factor in modern searchiights reaches « few thouzar4, 

The luminous intensity of a projector I oro {2m the direction of the optical 
axis), depending on the trightness of the source of radiation and the size of the 


reflector, may be determined from eqs.188 and 198, taking account of al! losses, as 


bp 2 np? 
lise = qi (>) bo (199) 


where q * loss factor; 
B = braghtnessa of source of raaiation. 


Consequently, the luminous intensity of a projector mill be 


. I = BS (200) 


pre 


nD 2 « 
where & * ars the area of luminous eperture, equal to the area of projection of 


the reflcstor onto a surface perpendicular to the opticel axis. 


Thus, the luminous intensity of a prosector is equal to the product of the 


~ brightness of the radiation source placed at the focus of the reflector, by the area 


of the luminous aperture anda factor allowing for the reflector losses. 
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The use of an optical system pereite cltarning a luminous intensity considerably 
excceding that of the source. 


The allunanation produced Ly a projector is defined from the usual relation 








! 
pe (251) 
a2 
or, allowing for losses in the staosphere, ty the relatioa 
tore 
Ee a 


where q; 18 a factor allowine for all losses in the atwosphere on the propagation 
path I of the radiant energy. 

Optical systems are used aot only an radiators tut also in receptors. In this 
case, the optical system focuses the radzrant energy incident on 1t and directs it 
aato the receptor, caking it possz:tle for the rlluars2tion of the receptor to exceed 
consscerathy the i)luziaaiion of tne surface of the optical system. 

Optical systems can te subdivided into three groups: 

Lens (dioptric) systems, in which the rays pess through a refracting eediun; 
Reflecting (catoptric}) systeas, in which the flux from the radiation source 
is reflectcu £2-m one or more reflectors or sirrers; 


Miacd (catodioptric) systems, in which lens and reiiecsing systess are coa- 






ae 3 
viaca. 


Section 105. Basic Concepts and Laws of Optics 


The action of optical systems is taxed on the laws of gcoxetric optics, which 
deterwine the path of rays through an optics! svetem and a} low that path to te cal- 
culated. 

The propagation of light rays in opticul sysicas obeys the followzng fundaaental 


laws: 
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n 
Ya an optically uniform transparent medsum, light rave are propagated recti- The last equation indicetes that the refractive index cf the second cecius, 
linesrly and independently of each other. relative to the first, 18 equal to tne ratio Letween the speeds of propagation of 
e ” 27 & 
The incident rey Fy, the reflected rey Fy, end ths refracted rey fy are coplanar light in these media, 
with the perpendicular to the refracting surface (Frg. 197). The absolute index of refraction n is defined as the ratio <f the velocoty of 
iz The angle made by tie anesdent cay with tie normal equals the angle Letween the a propagation of Jight in vacuo (p.«ctically, also in arr) to the velocity of perre- 
€ é 
q normal and the reflected ray. gation in the rediun: 
The ratio of the sine of the angle of incidence 9 and the sine of the angle of 2 
ats (205) 
F refraction » is a constant for the various wo dza: . 
é 
/ i Since the frequency v, on passage from the first <=J1um into another one, re- 
sin? oe a (203) 
re am mains constant, while the velocity of propagation changes, the wavelength =2!1 also 
vary. From the veil-known relations 
oe or 
. e 
5 = i Aw & A. . 
By,31a 9 ngsik ¥ vt and 2 ¥ 
Fiz. 197 - Incident (Ig), where no, * refractive index of tne second =sdium sith ree we obtaia 
Reflected (Fp) and spect to the first; 1’ 
( hefie.ted (Fy) Hays at eta 
the Interface of Two ny and «=, * alsolnte refractive indexes of the secoad | 2 et ae 
Nedia and the first media. 
& : where \ and A}. are wavelengths it which i 
; : ee . gtbsa st wha energy of a frequency Y¥ is propagated ia the 
The absu'ute refractive index of vacuum isn * 1] and of air, a 1.00029 x 1. | ; 
, la a ' wediuz and in vacuo, resr:ctively; while a is the absolute refractive index. 
A refracted ray is propagated in the second medium at a velocity of vo, ach i 
; ; : e The refractive indexes for eost solid and ‘iquid substances have values froe 
r 22 not equal tu the velccity of propagation in the first medium v,. Allowing for =e 
— , : 1.3 to 2.6. Takle 45 gives the values of the refractive indexes for a few sub- 
the inequality of the velocities of propagation of light in the different media, i 
stances. 
we may write inat 
tefractioa of Ray ty a Plane-Parallel Plate. A ray passing throsgh = plase- 
: v : . 
! sin @ V2 (205) perallel plate is refracted twice (Fig. 198). 
sin VW V9 
, | The ray leaving the piate is persllel to the incosing ray tat 1s shifted with 
' wines cy Tespect to 1ts axis. The relue cf this shift 2S depends on the angle of incidence, 
} ~ 
7 ; . the thickness of the plate d, acd the refractive indexes of t' plate, of the sediua 
sing? ‘t | s 
1 ary . (205) from shich the ray passes to the plate, and the medium into shich it is passed. 
{ . 
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¢ 
The displacesment of the ray is defined by che foreule 





tan W) 
as a(i- (207) 
ten v1 
‘a At small angles of incidence, #q.(207) 38 transformed into 
d ein(9, — ¥)) 
AS ° ——_______——. {208} 


A reduction in the displacement of the ray is effected Ly the use of thinner 


plates or by reducing the angle of incidence. 


Table 45 


Refractive Indexes n and Critical Angles of incidence 9 for 


Certain Substances 


Ice 


Water 


Ether 


Ethy1 alcohol 
Glycerol 
Benzene 
Siberran balsam 


Dh awond 





Tm passage frou one medium te sacther, the vay is refracted in acrardence sith 


e- 


the law of refzaction, eq.( 203). 


refractive index n,, when the refractive index n; 1A the medium 1s greater than the 


index ng, then the angle of refcaction w, wi)” be greater than the angle of 1a- 
cidence 9 (Fig. 199, ray A). 
With increasing angle of incidence 9, the ngle of refraction vy increases, 


and, at a certain value 9, * 


9,, reaches the value Wy ° 


win 
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In 


L 
‘ 
4 
' 
’ 
t 


this cane, the ray B will not Le refracted an the optically less dense medi- 


—.8 
wail 


Slice along the anterface uf the wedia, 
The angle 9, ts called the critical angie of ancadence. Any furcher increase 
in the angle of ancadence mill result in failure of tie ancadent ray C to te re- 


fracted, and in its total reflection from the surrece of separation Letseen the 


apr 





A, mm, 


tig.198 - tefraction of Ray Ly Plane- Fig. i99 - Total Irtecesl Reflection 


Parallel Plate 


nedia, This phennwenon, termed total internal reflection, takes place at sxgics of 


incidence exceeding the critical angle of incidence 6). 
nN» 2 
The relation s2n ¢ >—- * ng, defiaes the conditica of total i1nternal retiec- 
a 
! 


tion. If a second sedicm (optically less dense) such as vacuum or azz (ny * 1) is 


involved, then the condition of total internal reflection is defined as 


sina 97> — 
. Br 


(209) 


The values of the critical angles of xrpcadence 9. for a few substances, are 


given in Table 4§. 

A ray incident on a medium along its boundary eit, arr, ai an angle exceeding 
sediur 
The reflection of light rays on the surface of an optical part or other sclid, 


may be specular or diffuse. 


Hegular, or specular, reflection is shown 18 Fig. 2000; diffuse,or scattered, 
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c e 
in Fig. 200 d; mixed, in Fig. 200 b; and direct« d-scattexed in Fig. 200 c. a glass surface are very seal! (4-55). At anples of incidence stove 60°, he reflec- 
The causy of ihe retlected flux Fp to the incident flux kg is calle he ree ' tion factor increases steeply and reaches 100% st 90°. 
t 
The rethectsun factor for whe bousdary of transpursrt redia can te defzned Ly 
| | | the forrula 
= fr \x 
€) Q AA 2 ) q HN 1, sant(e =v) | tantla — ¥) 
id baat Ni/p eo Oy aa (212) 
f 4 j D o *~ g22°(# + #) tan’ (se * 9) 
sabes ae —— = Oe 
shece ¢ and @ are the angles of incidence and refraction. 
Yig. 200 - Various torms of Heftectiva: If a rav strikes the reflecting surface perpendiculszi~ (¢ * 0°), the coef- 


a - Hegular, or Specular; b - axed; 
c - Directed-scattered; 1- Liffuse, 
or suattered 


ficient of reflection 18 defined Ly the ioraula 





(noy o 1)? 
flection factor p: Pp (ay? 0? (213) 
0° Fo (210) ss 
Fy where No, " — denotes the index cf refraction of the newnd cedixs with respect to 
“1 
i the first. : 
2» In diftuse reficctssc, the raya ac ieflected at different eagics. ty ' 
4 ; If the first nedian is a vacuum or air, then eq. (213) takes the fora 
In regular (specular) reflectica the reflection factor may also ke defired by 
the relation Se (a - 1)2 | 
= ft = (214) 
E iin . (a + 1)? 
9 r _ 
The ceflectaon of rays from the sarface of cetals is dciemiaed not only by : 
‘ =} i duced Ly the incident flux; A . ; ; 
seehee eS ee ee aaa o the refractive indexes, a8 10 transparent media, tat also ty the abecrption factor @ 
= i i duced by th flected flux. 
Die AMBNOONSY: BEC us oer iar = of the metal, thich is usually large. 
Los end as - 4, i rticular, on the angle . 
The reflectioa factor depends cn wasy couse, ent, te Parecs If a ry strikes the surface of a retal perpendiculariy (9 7 0°), the reflec: ' 
inci °, the stots th flecti face, th fractive indexes and, ia 
of incidence, the of the reflecting surface e refracti iG bee oe aahincd’ ty Ale: formule 
some cases, on the ws:clength of the incident flux. ‘ $ 
‘ 
Reflection may occur on the boundary letween transparent and opsaue media. The gee 1)? + a? (215) | 
" a1 f - 2 2 
. curve of the relation between the reflection factor p and the angle of incidence @ ( ) (n+ 1)* +4 | 


. : ® ; ig. . The diagzas 
in reflection from the surface of gloss (n * 1.5) 218 given in Fig. 201 e & Figure 202 a, gives curves of ine scticudod Aucioce dea wurious oolianed 


bet at anvles of incidence not exceeding 40%, the retlection factors for . 
andes ee . : cetels, as a fraction of the wavelength. The curves show that the reflection factor 
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varies greatly for wavelengths of the visille reginn of the spectrus and portions 
close tc 1t, but that in the infrared regson of the spectrum at wavelengths of atout 


1m 5-10 u, -the reflection factor renains alm,st con- 


te a. 


a —t +H 
Pa tit ae. " The reflection factor of some cetals (Ag, Au, 





by: Gu) exceeds 90% (up to YYt) over a very wide range 
ya, tt + rg of wavelengths. 
as If the reflection factor varies as a function 
weal Fr ert en emo 
O79 2325 69 $9 63 7089 r . 
3 of the garclength, the spectral compositica ui che 


Fig.201 - Relation Letecen He- reflected flux 7iffers from that of the incident 
flection Factor and Angle of 
Incidence for Glass (n * 1.5) 
a) Angle of Incade 


L) heflection factor, % 


flux. Thus, for example, the flux reflected fica 


c, degrees; certain metals (for example. gold, copper) has a 
different colez from that of the incident flex ot 


the visible region of the spectrus. 
Section 106. Leas (Drontric) Sste=3 


A lens optics! system usually consists of one or several lenses. 
A lens is a part made of an optical materzal, usually glass, which has at least 
one spherical surface. The second hounding surface may Le spherical or plane. 


Lenses are characterized ty the refractive iedexes of the optical waterial of 


- the Lens, by the radii of curvature of the boundicg surfaces, and by the position 


of the centers of curvature. 

Tue optical properties of lenses depend on the curveture of the generatrixes 
of their surfaces and on the relations between the refractive index of the lens ma- 
teria] and the refractive indexes of the adjoining media. For exexple, 'enses 
thickened 1n the central part are of the collecting (positive) type, if they are 
made cf glass and are in air, since the refractive index of glass is greater thaa 
thet of arr. Lersen whose thickness at th» canter 12 less than that at the edges, 


are of the dispersing (negative) type. 
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A lens 18 called than (tig. 203) if its thickaces is 
and if 1t has the dis: 


Lenses sce thee cr thick. 
small relative to the redius of curvature of rts surface, 


tances Sy (from the lusanons point to the lens) and S, (froe the lens to the rsage 


Rectan rene nar nT 
G2 33 o6cs ars ft 


Fig.202 - Reflection Factors of taricus Vetals : 
a) Savelength, u; bt) Reflection factor, %; 
c) Stellate; d) Steel; e) Alzak 


point}. im thas case, the porats O, and O» may te considered to te zatched mth 


tke optical center of the lens, the poiat C. The lines passiog through the optical 


center of the lens C are called optical axes of the lens; the axas prasizg through 


the centers of curvature C, and C, is called the principal optical ares. A plane 


perpendicular to the princapal optical axis of a thin lens, passing through its 
center and coincidiay with the plane of syanetry of the leas. 18 called the priaci- 


pai plane of tne jens. 
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et Ss . « ~ 
\ 
f 
e . ° ' len = fi . i i 
The disiencca S, and Sy, the refractive index of the glass of the lena ow {the gths are mcosrured fiom the center of the lens; the distances to the point of | 
. emergence and its icnsg) are measured i t 
lens heing in sir), ead the redii of curvature of the lens surfaces r, and ra, are g & from the focal points or from the center of the 


_ in =z, 
: S: 3! ky oi ee 2 ieee : i) h-¢ i at Aces 
OMe UE f v J \\ a 
§ ~ yoo fs. = eee a b 5 d ¢ f 
_ "e 


Figz.204 - Passage of Parallel Rays Fig. 205 - Types of Len-es: 


Fig. 203 - Principal Geometric Parameters of « Thin Lens ehtotigls acthin- Lene 


a - Double convex; b - Planoconvex; 
c - Conzex-cuncave; d - Double concave; 
correlated by the relation - e  FPlanoconcave; f - Concavoconvex 


= (n - 1) ( - ) (216) lens. 
2 Fy Fe 


Sil t— 


The radii of curvature are considered positive if they are measured from the 


D> 
Ai = 


spherical surface to 1ts center 19 thy direction of propagation of the rays. 


If rays come from infinity from right to left, the point of intersection of the Planes passiag throuzh the foci, perpendicularly to the principal optical axis 


rays emerging from the lens with the principsl optical axis is called the rear are called focal planes. Parallel cays passing, at a certain angle toward the pron- 
principal focus of the lens, and is denoted by the letter F", while the distance a cipal optical axis are refracted by the lens and intersect in the focal plane (Fig- t 
C from the principal plane to the point F' is called the rear principal focal length sy ure 204). 
and is dencted Ly the letter f'. On their return path, the rays intersect beyond : The images produced by lenses may be either virtual or real. An image a* real 
the lens in the front principal focus (F). if the okject aod its image are on diffarent siden of the lens, i.e. if the signs of 
e vas . 
; ; t 4 
Assuming that S, * 9, we obtais an equation determining the rear vrancipal F and S are different. 
focal length as An iuage is visisal if the signa of f and S are the seme. The signs and values 
focal leng . - , 
ca l : "" of the focal iengths depend on the signs and values of the rsdii ry and ry and oa 

1 De Fee 211) 
s. ae r ~ - - the refractive index n of the glass of the lens. ' 
4 


Lenses givicg real images are called collecting, or positive. Lenses giving a 


Aa anstogous expression can be obtained for the front principal focal length. virtual image ere .alled dispezsiag, os aegatryre. 


for = lens in air, the front and rear focal length are equal. Figure 205 shows the pris.ipal types of lensea. The positive lenses are the 


‘ 
1 

| 

On substituting specific values 2n eqs. (215) ead: (210) y) the ralecot snuas: SNe am __ double-convex (a), the planoconvex (Lb) and the positive meniscus or convexo-concave | 

( " be strictly observed, It is custozary to denote all seguents ty a plus sign 1f they _ (¢) types. Tha negatave lenses are the double-concave (d), the plancenncave (e), 
are laid off in the direction of propagation of the rays, usually from left to right, Wa RHE He gaUL TE wend acus, OOF. concevonbeven (1) Aipee: e 

and by : minus sign if the raya are laid off 1n the opposite direction. Focal The image of any point of an object obtained after passage of rays through a _ 
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we 


lene can be constructed Ly means of two rays chose intersection behind the lens will 


the ray ACA", passing through the optical center of the lens without refraction. Tho 
yield che image point. image of the point B 18 the point B'. Thus the rsage of the segucnt AB is obtained 


In constructing an icage we must start from the fundaments!] property of lens in the forw of the segnenc AR’. 


The ratio of a disension of the 12270 l' to the corresponding disersicn of the 





e oe object 1 as called the linear enlargenent of the lens and 1s denoted Ly F: 
- Fal Ser 
i! 
lel + 
@ 
trow the sigzlarity of the triangles AEF and 3 FC, and ulso of the triangles 
bag. 206 - Construction cf Inige on Passace of a Ray through CE’ and A'B'F', it follows that 


a Dcuble-Convex (a) an? a Double-Concrve Lens (£) 


foci: A ray paralicl to the optical axis is refracted in the lens in such @ vay that : Fe- = a 7 
it pasezes ihrough the rear focus of the system (which aa in the image space), wale 
According to the locetion of the object with respect to the focus F of the leas, 


2 the rmace will be real or virtual, enlarged or reduced erect cr inverted. 
If the distance from the object to the Jens is more than twice the focal length, 
a 


the image will Le real, reduced, end inverted. If the objecs is at * point between 





i+ teace the focal length from the lens and the froat focus, the inage will be real, 


—— i} ‘| enlarged, and invexted. If the object is Letween the lens and tke front focus, the 


image will be virtuc?, salerged, asd erect. 
Fig. 207 - Two-Lens Optacal System 


A dispersing lens, for exasple a double-concave lens, sill gave a virtcsl, 


- a ray passing through the froct focus of the lens (which is ino the object space), ‘.--duced, and erect :nexe for any position of the cbject (Fig.206 5}. ; 
coerges from the lens in a direction parailel to the optical axis. In thick lenses, or tical systems cons13ting of two thin !enses, there are 


In a double-convex thin lens (Fig. 206 a), the ray AK, parallel to the optical two principal optical planes. Let us consider vn optical system consisting of teo 














axis, wi}} pass through the rear focus F', while the ray All, passing through the lenses, the distance between which 1s less than the focal length of each lens (Fig- 
rear focus F, after refraction, will travel parallel to the sptical axia. The inter ure 207). 
section of these two rays gives the point A', which is the image cf point A. ‘ The rays parailel to the optical axis, uneadeat on the Jens L,, would be col- ? 
- In ideal optical systeas, closely c;proached by thin lenses with a smal! rela- 7 _ lected ty it on the optical ania at the focus Fj. Cat ia the path of these rays 
tive eperture*, the ray AMA', passing through the rear focus, can be replaced by , there 19 the second tcns L,, which secondarily refracts the rays asd collects thea 
* The relative aperture 13 the ratio between the dicacter and the focal Jeagth. *: the perat F' on the optical axis but not coanciding with the {acua of the secoad 
aal “STAT 
a 4 
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The poiut FF! at whach the imege of point A is otteined is the real priaci- 


t 
lens Fy. 
pal focus of the ent:re optical system. 

The actyon of an optical sysics composed of tor lenses 1s eqzixelent to the 


t ° 
action of one tens of focal length tf’, determined from the expression 


Dg Phd a Se (218) 
f' ff) ff) £4f2 


shere iy and 1, sre the focal lengths of each cf the lenses and dis the distence 
betsren the lenses. 
The linear enlargement of a two-lens system 18 determined, as for 3 thin leas, 


by the ratio of the dimensions of the image to the dimensions of the object. 


Section 107. Licht Loss 19 Ortres] Svstess and the Coating of Lenses 


Bhen a radiant flux passes through an optical element, part of the radiant en- 

erry 18 lost. ‘the losses of radiant energy are due to three causes: 
Absorption in the substence of the optical clement; 
Scattering, due to optical nonuniformity of the sukstance of the optical 
element and to inadequate polishing of its sar faces; 
Hefraction on the interface of transparent media with different refractive 
indexes. 

The losses due to absoipticn aod scattering can te redvced by selecting a szf- 
ficiently transparent substance for the cptical element and Ly carefully preparing 
its surface, The tosses due to reflectica cas be reduced by means cf ‘*coating® the 
optical system. 

Frea Table 44 and the trancwizsion curves of various substances (cf.Chapter XI), 
an cptzeal materiel of the required traceperescy far = aiwen vresion of the spectros 
may Le selected (cf.Chepter XI). 


Let us consider the principles of the modern methods of coating optical ele- 


ments. 


| 
| 
| 
| 
| 
| 


LEY 

ae ge , 
— ‘Zz 

3 a 

‘ 


Ie the reflectics of rays from a gleoec-air iaterface, 1-9% of the luminous ea- 
ergy 18 lost, depending oa the Lind of glass. 

In thin glasa plates or lenses, 1m ebich the absorption 18 less than iC- 26%, 
frowe S to D% of the radiant energy *s lost, due to reflection on loth surfaces of 


the plate, even at ezall angles of incidence. 

The losses cue to reflection increase grestiy in copiex optical svstazs coa- 
sisting of a nunier (2) of refracting and reflecting surfaces cf prises, lenses, or 
plane-parallel plates. Ia t*xs case, the total tosses on refiecticn are determine? 


aa 


#° #cr- 8 (219) 


there € * redzant flux exerging fzca the optical systea; 
%, * flux incident 29 the system; 
& * coefficient of zeflection from cpe surface of aa cptical eleweat. 


Ia complex optical rnstrusents, the total losses, raisty cae to reflection, are 


as high as 70-90% In addition, the reflected Light as partially scattered 1a the 
= A 


Be B) ey) 


" 


ty 


: 
. 








——— 
i 


Fig. 293 - Passage of Fays through as Exposed File 
= a) file 


iastrupent itself, whach stiil further lowers the contrast of the ovserved olject, 


ky forping fog or flashes. 


The above exazplea show the importance of reduciag the reflectica of rays froe 
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these ray2 will be aksorbed due to mtual ioterference. 


- Ry . Vins 


~- oe 


the boundaries of the transparent wedis. 

In the USSH, systezatic work 19 tue coating of optical systees was started 
ucder the direction of Acodemicror [.t.Grebenshchikoy esrlier than in other counteyes 
(Bibl.1). Grebenshchakov and hin students developed the theoretical principles and 
yarious technulugical anethods of coating optical elements. The coating of an optical 
system, consisting in the seduction of losses Ly reflection, 28 effected Iw covering 
the surfece of the optical clenent with a thio film uf a substance whose refractive 
index is less than that of the substance of the element. The reflection frus the 
glass-air interface in usi4 case 18 seduced, osirg to the yaterference of the rays 
reflected froz the interfaces aii-fsiz, end izim-optical eicwent. 

Fagure 208 schematically shows the course of the rays passing through the inter- 


faces uf cnc vev wedia and reflected from thes. The radiant flux from tke air 


: (n, % 1) passes through a file hewzee the refractive :pdex no, and enters the sub- 


: ' in > ne. his case 
stance of the opticai element having the refractive index ny > Ms Ilo tm . 


part of the rediant enerzy ts reflect... free the icterfeces. If the thickenses of 


the falm ia so selected that the difference in the path of two rays {I and II) re- 


flected from the two interfaces is equal to half the cavelength of the ascadent ray, 


As a reauit, the reflected 
radiant flux will be attenuated so thet the transmitted iiux wall Le rateasi fici. 


The fluxes of the reflected rays I and II are equal if the equatica 





7 a . c. -.32 
imo By 3 my “ge (220) 
{n, + n,)? fa, . ay)? 


“as satisfied. 
By solvang eq. (220), we obtazn the refractive index no, expressed io terns of 


the refractive indexes n, and 43: 
(221) 


If the ray originates in aur (n, X11), the index of refrectioa of the film is 
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deterxined as By * Wa. 


‘The dafference an the ray paths 22 equal to half the wavelength af 


d 
57 2d > thn, (222) 


stere h and d are, respectively, the geometric and optical thicknees of the fils®. 

The optical thickness of the fila omst therefore te cqual to a quarter cf the save- 
r 

length, 3” 7 or, in the core general case. to 


1¢* 2k 


d * ( » 





(223) 


where k * 0, 1, Z, 3... 

if the thickness of the fils and its refractzve :sdex are prececly selected, 
the reflected rava are cocpletely absorbed, tut scly at a Ucfzaate wavelength A,. At 
a wavelength other than 4,, the coatice effect is incocplete, and at couble of haif 
the wavelength, there 18 co coating effect at all. Conseqrestly, the full coatiaag 
eifect 12 - tained ut a Cefinite wavelength, selected 1a accordance mth the spec- 


tral characteristic of the recetrer. 


Section 108. heflectire (Catoptric)Systexs 


Ta reflective sysicas, curved soflecrors are used, of the spherical®® or para- 


_Lolic type (Fig.209), which recerve the flux frce a radiation source over a ccs1aite 


solid angle w and thea transform 1t into a Leas, directed aloog the optical axis. A 


reflector has two surfaces, rear and front. The froat surface faces the scurce of 


radiation or the receptor, placed at the focus F. The circle tounded by the edges 
of the mirror 18 called the aperture of the refisctor, while the lise passing 


* The optical thackness of a fila is the product of the thickness of the file aad 
its refractive iadex. 


oo A spherics! reflector is a sirror whose reflecting sarfoce has the fors of part 


of a sphere. The radius of the sphcre is the rediva of corvatere of the airror. 
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e a . ¢ , : 
+ =) : e . - 
‘through the center of the aphere and the principal focus F 1s called the optical axis focal length f£,, i.e., the distances from the effective focus to the vertex of the 
sf the-dellectee reflector, have teen introduced. The effective focal length f, 18 deterained ac- 
& e e e 


The draueter of the projection of the front surface of the reflector onto the cording to the pernisoible values of the oterrations of the reflector. 


wees mee ee 


. ® 
plane of a cut characterizes the luminovs uperture of the reflector ane is called The solid ongle of coveraze w 1 the spatial angle fros the vertex at the focus 


; . r 
the luminous diamecer or, siuply, the diameter cf the reflector D. The diameter of a reflector, osculating the diameter € of the reflector. 
> 


| 
ce 2 29c) a 
: F 
a 
\ / il and, consequently, the clementary solid angle will Le 
t e 
. —f 


Let us determine to what the solad angle cf overage, expressed in teres of a 


plane angle, is equal. 


\ 
* 
| 
| 
| 
a 
| 
| 


An elecentary annetss ourlece ds(5,59) of a ra.cecoor (Fig.210), placed at an 


angle @ to the optical axis aod having the angular wicth d9, is equal to 





ds ® 2nydl 





bennett 





du = — 
—~m —_ rz 
a5 7 ; : San £ 
ft S22 209 - Diagram and Principal Parameters Fig.210 - Diagram for Calculating ; where r is the distance {rem focus to annular surface. 
- of a Reflector the Paraseters of a Heflector Since 
a) Rear surface; b) Front sua face; c) Fs 
= dl = rd@? and v " © cin @ 
_ at the outside edge LC, is called the over-all dianeter. 
ce : : ; ‘ then 
The point at which the rays, striking an ideal reflector parallel to its opti- ieee 


.. cal axas, are collected is called the principal focus of the reflector F. The oes dw ° 2% sim ode 


principal Zocus may be defined otherwise as the poinc on tre optical axis at chich 


The totel volid angle of coversge » csa te expressed in teres of the plane 
an ideal point source of radiataun may ve placed tu obtain a beam of paraliel reys. 


angie ¢: 
The vertex of the reflector O is the point of intersection of the optical ania : Poss 
and the front surface of the reflector, cod the depth of the reflector H is the dis- i wu 1, da * 2R(1 - cos 9...) (224) ! 
~ eance from the plane of the cut to the vertex of the reflector. zs 
( , The distance from the vertex oi the reflector to the principal focus is called - The total flax of the reflector is the sum of the fluxes produced ty the 
the tocal length f. Eee separate zones, The zones are not equivalent, and the value of each of them is 
~ | For actual reflectors, the concepts of the effective focus F, and the effective -  characterazed by the luainosaty factor of the zone, My. 
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we 8 OY Se enn = - 


¢ 
The lupinour value of the zone is determined ty the ratio of the aree of the 


ae SCL 


snall area of the aperture ind its screening kv some strocture Zocated at the focas, 


Se : ch reflect hard)y differ an efficiency {rom total reflectors. 
zone to the total area of the reflector, 2.¢.. by =: Table 45 gives the luziscsrty such reflectors hardly 


iellectors are spherical, saratol ec, elliptic, es bygertolie, accorcing to the 
Tabt+ 48 


shene of their cross section. 
Luminous Values of Zones of a Reflector fin %), and Relative Lurinous 


we 
° 
rd 
qeecye eww aawate eroeeme aarwae oe cts town omrminee ~Cs0 lemnne 














2 Sherica! aad parabolic reflecucrs age sest ssichy used. The latter, enea the 
ane naelas . Ysrversge 2 2 : 
RUE na Ps cerns ene . ~ the fora cf the porciula 1s exactly fcllosed, vield a paratiel bean iff a guret 
Zeore, degrees 
y ee i 
Angle of v4 . | ix~— 
s : A i r. oP 
Coverage, ey’ I ' ‘ ~ 
7. ae ae 
me - rs t 
3 eee Ts a 
Wt Roe 
we = 
o>.) 
Fig.212 - Reflectors with Bliad Fe¢.213 - Paretie!l Pencil of anys frem 
(Central) Aperture Ideal Paratoliz teflecter 
. ’ a) Blind anertare 
factors of the zones for reflectors mth various angles of coverage; 1% 3180 g1ves a 
the values cr the relative luminous aperture A. é source of radixtion 18 placed at the fccus of the reflector; these sefiectora col- 
Heflectors can be subdi~:ded into tvo groups: shallow, in shaich the plene “leet, at the fcesi peant, 21] pasallel rays racicent ca the reflector (Fig. 213). 
angle of coverage is 2 @,,, <180°, and deep, in which 2 9,,, ” 180° (Fig.211). thee the radiation soorce, placed at the focus of the reflector, 13 of finite size, 
~ the ravs reflected from a parabolic nirror diverge withia the linits of sone szall 
--angle 2 2 (cf.fig.209). The angle of divergence of the raw s depends ca the ratie 
~ or the dagensacns of zhe rediator tm the fucal lempth of the reflector. Actaal re- 
: flectors give a sore divergeat team thax ideal ones, tue te the imperfection of tke 
optical system and the presence of aberrations (errors istrodccsd ty an acta! 
2? <0° 20 =19° 27 >180° ‘epereal systes into an irage ind manfestcd 1a the fore cf tlarriag of the irase are 
-called aberratzons). 
: Fig. 2\1 - Tvpez of Reflectors A 
(). -- If the radiating tody is of finite disensions, the total teaz of rays aay Le 
Keflectcra with an aperture in the central part are also used. They are called 


cossidered as the suz of separate elewentary teass prodcced ty all poiets cf the re- 


reflectors with a Llind (central) aperture (Fig.2%?}. flector. 


O10}, Ta view of the relatively Ia this case, each elezentary teas til! have am cx18 parallel to the 
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optical axis, and sts angle of d: vergence wi)1] Le decezmaced Ly the ratio of the 


go y (225) 


e : ; 
facal length ta the disensions of the radiation source. 


es eee met 


Let ue datermsne the angle of divergence of @ team esth » spherical radiation 


ahere I] © axzai iananous intensity of the projector; 
sebot flector. Under 
source having @ radius of Fr and placed at the focus F of a pesstotic refl 


L *® distance from the reflector to the point ri lomsnated; 


ew 
these conditions, <6 k * attenuation factor due to iosses ia the atcosphere. 
£ r The velue of L. depends on the focal length, the angle of coverage or she ds- 
sin ¢é@, * - 
9 ° 
Pg aveter of the reflector, and on the fora and cssensicos of the radiaticn source. 
Crdtnacaly, thas 2s considerably greater (= few tens or busdreds of tiace) thea the 
For « parabola 
focal length. FEtotewetric neasureten’s sith reflectors are soffacaently relaetie 
® 
sao 
Py * nate 2 only tevond the lisats of the distance L.. also called the shotescetric csscvance. 
The optical svstexs of reflectors, just like leases. are «Laracterzred by the 
Consequently, : 
- folleeing Lasz:c psraseters: 
ak 22 
310 rq t cos 2 


Area or ciazeter of lusinous aperture uf che upticaa syste; 


Angle of .owerage or focal length; 
It 18 clear from this that the maxinus value of the angles 33; will te at 9 * 0. 


2) felatave lusisous aperture, equal to the ratio of the diameter of tLe uptical 
In this case, system to the focal length; 
Os "5 
; Losses in the optical system (Ly absorption and Ly reflection). 
: The angic of dispersive «- the Lean # equals twice the ety aaa, Te 7 A raciation source 18 characterized Ly trightoess, dimeasioos, aad fore. Opri- 
- acids _ te (225) -.__cal svstees and radiation sources are characterized ty spectral characteristics. 
eae - aes § 


Reflectors are of zetal or glass. 
: - «ete 8 eels * the angle R, the axzal 
Beccuse of the scattering of che rays within the isasuce ve THe ant ; 


Ta getal reflectcrs, a layer of reliectiney zttal 13 deposited CR 2 solid (or 
. wanian? = ao ; constant at varicas dist ces \ . 
1 1nous intensity J of s projecwr will Sot rowaia sheet acetal} Lase. 


{ 

' 

{ 

i 

{ 

{ 

} 

t 

| 

| 

| : Nagnitade of alerrations; 
| 

{ 


Solid setal reflectors are curable and little sutyeet ta rechaa- 


” deal damage, tat they are heavy 
{ 

i the heam be cona- ' oe 
distence of total radiation or the distarce of Leam formation, cen 


irom the reflector. Only Leginning at a certain distance Ly, which is called the and undergo sove defarseticn ia tine, shick leads 


to a change ia their qualities. Reflectors of sheet setal are less coretle aad zre 
‘sh. 
“esdered formed. Beyona tis distance, the axial luminous ratensity reacins coasteat ed sade only 1a small sizes. 


(diverging beam), and there the law of inverse squares cana te applied, detersi ibs Wisc otaiva neta iced te ta as pecan aw ec ieee setalee nie 
the illumination at the distance L: 


shich has a good reflection factor, rapidly tararshes ia air and 1s theceiore not 
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Sech reflectors (e:tk the reflectiag lawee tamneseed ‘oe the froet eutfece} are 
used for netal reflectors. 


In glass reflectors, the reflecting redium 38 deposited on tne rear surince of sore efficient thas reflectors of the first tyze, simce there 13 to eneray loss 18 


| 
! 


the glass and sw dastorticns due to aterraticos of the rizss Ia addrases. cre forw 
j ats front surtace. os A ’ : saw 
a glass fore (in projector-tvpe reflectors) oF on 
A laver of silver atout | eicron thics 18 used as the reflecting lever, “e- of glass reflectcrs coes cot chasge 18 time. 
sted on the rear surface of a plase fore Lecause of the use of silver, soch pe The oflaciency of coeratacoa cf toth retal and giass reflectors tepmds ca Ube 
osited on : : : 
< : fi Lut they are cd rreperties of he surface Any lart, scratctes, or ncistsre will loser the effs- 
giane retiectors have a higher reslection ta.tor than setal reflectors, vey 
uc yek-tid News Gisebles Neve ecudeipal drawback, bowever, 18 the fect that the caency, thick ~wana thar reflectors sitsrs requize Castives hLeaotiiasg acd carefab 
° $a ay . 8. 
8 e 
. ce + 3 Creatzexnt. 
radiant energy passes =vice through the gless laver, thos c2usr08 additional ecerzy as tian 4 
‘ feces (frvat ae Sea . a - Me of the favoratle praperties of 
Yusses. In adoxrtion, a suppletentarv corzeceieo of the form of loth sxerfsces (fra tia -—— —>> c 1a 
RSF fi 
pees Ped gd i. oe reflectzrs wrth a front specelar isver 
and rear) 18 necessary to elicinate, 38 far as possible, atizratica of the reficcius; 4 
: 1-45 the ‘ i ; ' 
in uncorrected reflectors, alerrations antroduce extensive distorticas. i 28 fact ttst, 1m acat causes, this 
.& 
tvpe 18 cougistels fsce cf chromatic ai- 
Si stge ts ; c ectors ea- 
Glaas does nut transmit saves loages tan < 2.5 u, cskicg such reflec Fie.21$ - Spterical Aberratica 
erratios, 1.¢. reénces sizost 2 
tarely unsurtable for rays of longer wavelengths. 3 .F 
The reflecting layer deposited on the rear face 18 covered with 2 protective chasxes (zt least for imfrared raves) an cae srectral cosgortize of the reflected 


5 sed fiux. 
layer of anotice setai. Galvanically deposited copper: 35 citen usec aa a protectite 


( 3 h and t. Ga the outside, the re- mY 
Mle gee ree mere [ow ~ ve Sectsva 129. Listortica ui Inaces 180 Cycical Swsteus 
flecting layer is peotected Ly the glass. ' 


Ie actual optical svstezs, za r1scident parallel tems of ravs, after poss1ae 
Glass reflectors with a refticctang layer deposited on the froat ssrface caa te 


thrcogh the system (or afzer Leacg reflected free at) is aot collected at tre foces, ; 
used regacdicsa of the wavelength of the raciant enersv. The epectrel character- 


Lot iptersects tke axis of tke svstem at crffersnt poiats; therefore, iastead cf 


-the image of 2 puint, « Llarred spot is foracd. 


istics of such re“lecters sors deternised by the reflecting lever, vhile the zlass 


- serves only as 2 tase, giving the reflector the necessary skape. In this case, tke 


The nagnitede of tie error (aterratizca) Copeads oa the :eniscus diameters of 
refiecting laver is not protected by giass on the cutside, therefore, only netais 


. the optical elezeats of tke svst™ aad ca the aaales of izclizatica of the raps 
not sensitave to external influences or easily protected from them Ly protective 


rene ee eee RY ERO eE Tamme = ¢ ° 


ressisg through that system te tke cptical ams. , 
layers can be used as the reflecting laver. 


; Ideal optical systczs beve po akerretica. Cptical systees with sax] senizces 
Figure 202 gives the curve of the reflection factor for a specaal brad <f 


apertsiea empresct sock systews siace they are free of chrowatie cterrations shen 
Ss aluminus. The graph shows t: at the reflection factors of this type aluminua are fo utes : 


, : the cepacted object is swall ead loceted acar the optical aaia. 
very high snd remain alwost constant over @ wide rauge of wavelengths. The al -micus : 





: Aberratiurs aay Le loagatedraal, shea tke optical svetes satrodzces Fre rlions 
layer obtained is sufficiently sturdy and it & Lyect to the influeace of atzos- 
F aa the rsege poasts of ea chyect corscadiag arth the cotical esse, OF transverse, 
pheric condi taona. STAT? 
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- ~— oe 8 OR es SST wes ee Re 
~te - . lee - es - —_ c * im 
: 4 
t t 
b Aj atoriad i the fect ebat the peseal cf rava as reflected from rndavidwal comcestric sarfaces of 
eld of view are Ciator 
when the ascye porats locate? mthin & certaa fh a ihe cefiectcr, cailed rewes, aad coaverres S& certazs goaazs called ste focal lezect 
tors’, paraliel rars 
. : al surfaces (Jenses or reflec 
In optical systeas wv? th sphezic 
1 t, dre 'o alerratioa. The fur ter the wecadent tay I cf the rnes. 
eee ce we . © tt 1 tes Meee ttere are seseral fccr us a reflectcr, at 1&8 cecezsary 26 2ce, BL Pact 
£ the ogtacal ovs 
passes {rem the axis 0 
3 Se oon - celculatsces, the effectise fecal iecatth, Zetermized fem ike eng ressice 
ss chig. 214), the greater mihi le the Crvetesce 
JF}. 
ee fron the focal pornt at ehict the emererat “teas, 
is ¢ "eff = 
is rae antersests the exis of che svaten. This - ay 
a hepogenca 18 called spherical abeziataina. _ 
2 ee eiavieed oe eves shere <{,.,, " sm of fceal lesatts ci all rcaes; 
Th, dius 2Z of the Liurrea spot oO 
The radiu WM * factor of selatave liaiscas vralee of 3 eee, tw whack we veaa cle cz- 
2 aurstead of the porat-image characte.1zes | 
% : : pressica, 1% perceat, <f tke sortica cf cack rere that zarticizatee az 
Jd transverse spherical aberration, stile the ; as 
: J Keauhe a creatirg itntrss 1ftess2t4F. 
- iw : aracter2z2°s tongituctinal (cr 208 s 
: een Paralolic reflectcrs geceraliv used iz rrepectcrs evratat the folicesag tres 
Fig. 215 - Carcle of Diffusion of stercation. The relatios tetween treasierse oo . 
" © erratrca: 
Heflected Pencil of hays inte & Setting Se aoe, dig eee easterly 
a) Zones in degrees, b) Caustic 7 AZ Leegitetica) relatave eterretroa 7, representing the ratice cf ite Afference 
~ latjon — * tas a, where o 18 the aagle 5 
Cate : Seteeen the sffectise focal lerzth cf tle reflectcr aod the fecal lerach ci 
a bicn ti ‘ i stem. 
i. uaa CE tn iC ABEne Ren cre. G tee on a cefiarste rore, to tle effecerzre 222! leegth cf the seflectcr, 
The srze of the tiusre? ~pot obtained on the screes a3 a result of spheercal ; 
iu i fap of 
aberration is small when the screen 18 placed ia the place of tue prancapal iccus. = cis eff tece tony 
a 
As the auttes ie Giscseced frea the fons toward the witsenl evaicw, the size of eff 
the spot dimiaisbes at first and thea Legins to increase again. ie ida ticgeai nae so lande aleericica ti ee sped es eeieptaceee we 
se Spherical sberration is alvavs produced ky any -pheracal surface of a leas or SUT taes Woeet Vee oT es ee ci e Sad es A eee Ss ete 
weflector. Such akerration can te recuced Ly usiog a coxztination of varicas leases _ wae, 
; caving aberrations of oppesite signs. Bowever, alerration ustally caacot Le com- 2 - Pe 
{ f,if = fexe 228) 
pletely eliainated; as a rale, a certai) residual aterration remaras. 
eh eee cok ‘ £ deally precise form have mo spherical aberration. - atiee eee a . . : ee secu 
Parebobiecrg i ctunr ce pa Met salar ate1-atice represeating the angle fered ty e ray 32 t 
The rays striking the surface of a spherical reflector (fig.215), after re- optetaoanes 
c : cs Le 
\ flection from it, do not converge in a single point tat are dispersed in a circle tes Ss : (299) 
° . . rR? 229 
of small disneter, which is called the circle of miniaua daifaszon. ‘This is dee to ery 
STAT 
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of the reflector. 
tiguts 214 graphically shows the longitudinal absolute and angular aberrations. 
If 2 nenci! af parallel rays etrikes & leas ue @ centean angle te the optical 


axis, the ioage point is obtained ia 


the form o1 an asymmetric blurred sp :. This 


fore of aberration 1s called the coma aberratior®. 
The 1mage in this case 18 sharp only at the 


coint of intersection Letecen the optical ax:s and 


the principal ray or closely adjacent rays. while 





the sther iavs yave an indistinct tage = The s12e 


wars he 8 the coma aberration denr-ad 
bie.215 - Longitudinal and o1 the spot of . “ s on the 


D 
; Angular Aberrations of @ = relative aperture of the system A * = and on the 
Reflector : 


= angle of inclination of the Leam to the axis 


(angular freld of view**). 


At a large angular field of view, the imag2 of a plane object is not produced 





r r 
& in a plane perpendicular to the opt-cal 
axis but on a certain curved surface. 
Such distortyons are produce) by what 
is called astigmatisa*®*’* and by the 
: curvature of the field of the ontical 
ae system (curvature of the ima Jane). 
Fig.217 - Aberrations of Distortion : Pee ) 
a - Ideal image; b - Positive dis- In aberrations of this type, a point 
tortion; c - Negative distortion , ; ¥ | 
remote from the optical axis 18 iwaged | 
in the form of as cral spot. 
Cistortions introduced by the optical system, which depend on the angles formed 
- * Coma in Greck means hair. C 
We 


** The angle including the area bounded by the freld of view. 


‘ 

4 

The rays do not converge in a single point, 
hut forw two lines of intersection located at diffescai distances. 


eee Usiummation of a pencil of rays. 
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"called chromatic 2berraticas: chey also exist for :afsared rays, carticularly if 


_ Chromatic aberration say te aznifested 1a the form of chropatisa of positios or 








between a ray coming from a given point of the object ‘end ‘the opt cal axis, ara 
called aberrations of distortion. The system ia this case prodyccs as unequal vari- 
sticn tn the livese diceasiuns of different purts of the otyect rsape, froa the 
center to the periphery of the 1cage plane. This fore of ebeiratica lesds Wo 1m- 
parrvent of the siarilarity tetseen the chyect and 1ts 1mage, 1 e€., to a cod fiacativa 
of the linear inage scale. 

Figure 217 stows the character cf the charges due to aierretinn of distortion. 
Tf a uniform grid (Fig.217 2) takes the fora shosn in Fig. 217 b, the aberrstica 18 
called positive, oc priiow-shaped distortion; 2f the grid tekes the form shown 12 
tig.2)7 co, the shersstic: is called oegative or Larrel-shaeped distortion. 

In evaluating aLerr-tioa, the concept of the caustic or caustic surface is 198° 
troduced. The canst:c 13 ao envelope of refracted or reflected rays (cf. Fig. 215). 
The shape end size of the :austic depend oa the value and cnaractez of the aber- 
rations of the optical system. The caustic of a syxsetric optical system is syz- 


petric and 18 characterized ty length end transverse dimensions. 


The distortions introduced Ly the optical system way differ fer diffsrcat ware- 


eevs 


~2engths. Aberrations depending or the wavelength of the incident radiaziss sre 


~~ ee -cemee ee 


~ the spectrum of these rays iz wide. 


te Chromatic aberration ia explained by the phenomeaon of dispersion (resolution 


ma 


“of a complex ray ints the coepoceat rays of the spectrum) resulting froa a change 
un the refractive index of the substance of an <cot:-:al system aad depending on the 


_wavelength. The degre2 of dispersion differs for different substances, and usually 


“increases for regions of the spectrum which approach the limit of tranzaission of 


. é 
_ the substance. 


~ aero 


_in the fora of chroaatisa of es. argenent. ; 
“Tn chronatisa of posation, the focal points of diffcreat wavelengths tw not i 
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coincids. As a result, the lusirous spot 18 iseged tw 2 poiat of one color. sut- 
rounded Ly colored circles forted ty ravs ot otter wavelengths. 

lo chrosat) ae cf enlargenent, the focai leagth diifers for differeat wave- 
Lengths; the true: vi an otyece thos bas 21s o#n scale for each zaretenath. 


Thus there exiet, in optical svstevs, seven praucipal forvs of akerrat: cs: 


x 


spherical, coma, astigrstisa, Cursature of fseld, distortion, chrewatism of fos3- 


tion, and chreestiss of enlerzement. The dearee of atarratice Aepends on the reia- 

tive aperture of the optacal svystes (A} spd on the aczle of roclination of the team 
to the optical axrs (w). 

The sterrations of the sisplest optical westees sre defiaed ty the follomaz 
foraula (Bibl. 20) fat usit focal length): 
spherical aberratica: 0, * 1 kA: 


aterratzon of 





eosets sy. © : & At; 
antigsatisa: 9,7 a- b * kAu?; 
curvature of freld: a, * i k Aw?; 


is ku"; 


phy 


distortica: < 
chrowatise of prsition®® 9), * kA 
chromatism of enlargement: Al' = kaw 

In the abcve fornulas, the icllowing notations have Leem adcpted: 5 * vredius 


of the circle of diffusion; @ and b= axes of the elliptical image poizt: 21*-s 


"+ - = displacesent of image port from the position corresposcing to the ideal optical 


system; k,.7" aterration factors for different lenses or reflectors. 


The significance of each sterration @epends bcub on its aagaitude aad oa the 


conditions under which an cptical system is used. Which cf the alove couerated ak- 


errations is cost harmf:!) and sast te excluded can te deterraned only for each coa- 
crete practical case of using aa optacal system. Each aterration caa te redaced or 
reinated by a combinaiiva of bonses vath alerrataoas cf ciffereat 
* The wajor axis of the cooa aterration is 39,, and 1ts eexincs width 18 Z69- 


** Chreatic aberration occurs only 25 lana systces. 
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signs, and eleo ty proper selectica of che tvjcs of slass for the optical steweats 


sad calcedation of the desige paraucters cof the cgtical elenents cof the svstes- 


Section 219. Cen-ound warzers acd Virrce-Lens SN stess 
Ceezcuad Wierer Svstess 


Casposad optical svsteas coosist of sevecal rirrozs or leases. Ta ommend 


Birtes svacens, aosrerice of several ccocave cr “avez BILTs, the Larger varroe 








ees eee 4 Me Wo F - nae 
— 4 = 1 Hi 
2 b 





Fig.2t2 - Cosguaad Worrce Svsteas 


s ¢ Peafoce! elscectiss svrvca: i - Freivnai acurteniag 
svates, ¢ - Pestfscal elangaiieg svotem; 2 - Pestfoceal 


chortes:3z2 sistem 


deteraines the eifective eperture asd is tte naiz oF The vealler 


mirrors exiect caly tie convergence of the ravs aed are secead-rv zarrers. Sch 


Zo 


svstenz 227 2180 have clase aarrors, tet Lrese not accriv tke cptical ckarac- 
terastics cf tke system. 

Figure 21 shows fcar characteristic cptical exrrrer systems, co which ali ex- 
astzse congoosd sy#tsas cia te reduced. The earror Aus the prazezgal sarscr, Bis 
the sccoadary «error. The secoadary sirror 1s placed 12 frat of tre faces of cke 
priacagpal aarcor (fig. 238 o,t) oF tebaad at ¢Fig.219 c,d). Ia the forser case, che 
systcas ace cailed prefncal, im the letter, postfacal. Massces are eather ccacate ’ 


é 


STAT 


or convex. The seconcase aiszers shortes oF Leagthem tbe iccal leagths of the 
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meena ee : 
aw eo RY - « 


‘ : : be en 
epiten: ; = shay 7 = | of the spectres. Let as cosder a few of the exjat 775698 urrroz-leas systess. 
v cLene Sy t Lows ( : : 
A cozpound mirror syscen, for exezple, can be used for producing a paralle? bees ; LetercLene Syoter orth Lens Clone vo ene Fecas. A parsrolie sirror (1deal) 


bevond the c1cror (Fig.219 a,b) passing through on eperture an the principal wirree. bas no spherical oterration, tet the iscae foraed Ev 1t a8 distorted kecsose of other 


The change in focal length permits constructing sore comerct optical system» in 


6 
eee 32 eels ace = ——-—— 2% 
many cases. Aa exacpie of such a syatem 18 the systes dereloped Ly Profes- - TN ij - Ul 
—_- se ae 
sor C.D. Vakautay (hie. 720). To reduce the over-all srze, the plane s1rror Cin this iat — - I - ta ~ AS a | 
f b? 2:0 s 
systea, which changes the direction of the raya, 38 pisced kevoad the focus « f the a ie —f----- od i 
_f. 
S Fre.f2? - Wireerr-Leca Systes e2th Leas Fag.ced - Saccur-Leas Swoicw 0225 


one A 
ea | Coase to Facus Coziectiag Lens 
7. 


ee a) PEP - Focal area 
5” F | 
rs Po : 





‘Lf aberraticos, particularly coua. To reduce the latter, tke leas svstex, E, coesastiang 
of several leoses (xa the sarpizat cease two leises. a positise asd a sezatirve loss) 
Fig. 219 - “Nirror Systers to Oltaan tig.220 - Schesatic Optical fiseraz of is placed close to the foccs im the path of the ccavergent team (Fig. 221). 
Barat ier Heese Mirror Telescope Developed ty Wer fes- The Jicstacks -{f such a svs%en are the caplex desta-. tte expense (s210ce large 
sor C.D. saksntov nM 


7 glass serfaces cf good quality are required), anc the addzrtional losses tv reflec- 


principal airror A. The secondary airroz B does not shictd the principal rizror se tion free the lens surfaces and ty aluorptiron is the glass. 


thet its diaseter say ke larger, while the over-al! dizcasions of the system remaze Sock correcting lenses cen also te ceed for spherical sirrors. let 28 this case 


peacticelly unchazged. “the Jens must also te correeted fer spherical stirratica. It 13 fossatle tet ir- 


ratioaal to tuild cach syvtens, tecense the leases are very complex aad also linit 
Ma rror-Lens Systems - 


Se “the power. the lenzeous apertcre, aad the field of view cf tke optical systac. 


Ordi : 1 d wiz: exhitit soxe form of 7 5 
rdinary optical systems, toth lens and sizvor, always ne : Sirror-Leas Systen with Correctics Less. Ie czdisary oirror telescoges, the 


tion. : ; : 
- sberratzee principal sarror is cot protected from catside isfleerces such as dust, seeatizg, 


: ei ! 3 2 eek 
To reduce the aberrations, so-called corrected sirrer- lens (mixed) systems are ae hasical damage, aad the direct teaperatere effects. Ia addatian, the coavecticn ‘ 


used, in which the lens of the larger lens or airror 3s comkined mth a szailer leas HS ‘ : ; ; 
correats of air > the takus dastort the image. All disadvant=gea of am open tates 


i es a et £ - . . - e - 
_ or wirror The larger lens determines the daameter of the effective aperture © ae desdliai cated de the Gitror telesione oath -« <orseccian leas (Fig. 222). 
: i introduced t . pherical 
the system, while the saaller lens serves to recuce the aberrations introdac Yy GcoucvinaGithelseane 46 lished ky pleciag 18 {-cat of the 


the: prveckpal wiessie Ors ter: " girror A the Ieas B with a dieceter equal to the creseter of the texas cress sectres. 


= ’ t i essed regiocas ; - 
Mi rror-lens systens say te used for rays of the visible and intrsr eas Bitb one plese of the leas B deforucd 1m 8 certare vay, thie redzces ot caly the 
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0 


spherical aberration but also the aterration of copa end ceisgzatiom. The aber- 
ration of field curvature 1s net reduced in this syztem. For thiz reasca, the locus 
aa =I of sharp anages is not a plane tut the surfsce 


——e 
CSS oe WSeI of the sphere PEP, knoon as the focal area; 
ee 0 ee fp-- Oo 


dy - 
ee 
b wa ee \ 
a! —~.. I 
ee 5 


oe ee - eee = eee 3d 


consequently, the surface on stic’. the r:8age 
1s to Le depicted cust Le convex (according 
to the shape of the focal area). 

The principal drastack of these systess 
Fig. 223 - babksutov Yenzscus Systems 


as the ‘afficoley in Lualdiog correcting 


lenses and the light losses »n the correcting lens systems. 


The Vaksutov Veniscus Systzms_ 


In 1942, Professor D.E.Ystsutov proposed the use of a wenizcus to correct the 
aberretions of sirrors. Sisce the opherical wberr=tion of a weniseus way have 
either sign and, in addition, a meniscus 23 achromatic, ix nay serve as a very ef- 

= fective correcting elexent in catodioptric systems. If the weniscus 13 properly Ic- 
cated with respect to the mirror, it wiJi alzo correst the coma. 

Figure 223 shows the simplest meniscus systes. In this diswram, A 1% a coa- 
cave spherical carror and B an achromatic weniscus. With a properly selected 
spherical aberratice of the meniscus and a propecly selected distance Letween the 

a meniscus and the mirror, the system cil} not only be achromatic and free of spherxcal 
aberration, but will also have its coma corrected, 1.e., it will be an aplanatic 
svatem, giving a true, undistorted, and sberratioo-free i.ege. Only the corvature 
of the freld will remain uncorrected. 

The weniscus is arranged earth its convexity (Fig 223 2} or its concavaty (Fir 
wre 222 b) facang the reflecting surface. 

The Maksutov meniscus systems permit constructioa of a pocerful optical system 
wath a large zield of view and reduced aberrations. It is sirzler to brild a 


wcniscus of the required form than aay uther correcting system. A reaiscos way be 
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sdveresty affects the conditions for the pasaage cf vafrare? coves. The rario te- 
tween the energy I, pasetng thevugn a layer of atsoegtcre of t\ictness x, to the es- 
eray 1, entertog that laver 1s called tbe Crorsparescy, of the trarspareacy factor 
of the given laver, and in uscalle Jecuted ix the Setter ~. ft is customary to ex- 


press the factor 7 19 pervest ger ia. 


CHAPTER XIII Section 1:2. Abcosctsan cf Tafrared tavs tv Gases aad Vater Sapor 


PASSAGE OF INFSAREC HAYS THEROLGH THE ATVOSPHERE 


lafraced ravs are stsorted aed scattered 12 the etnosshere tw the volecsles <f 


varzous atcospherie gases, and also ty solid gartictes and s2ter Zroplecs (foes). 


Sectioa Ll]. Corrosition of the Atrospt ere 


The stausphere is a wedias consisting of 2 aixture of gases sad sater vopor, 


with foreign particles suspended 10 1t. ‘The size of the particles ranges from 


on R 
5 = 1075 to 5 * 1073 ew. 
The principal constant constituents of the lower (groucd) laver of tke atzos- b) "| 
phere are nitrogen (78.03%) and oxvgen ‘20.99%). The rewainiens gases entering into fi 
v 
the enevosition of sir {srgen, hydreses, carkon dioxide, oeca, helvas, kivpion and 7} [ Ht 
r . _ 
s v2 V 
xenon), make up less than 1% all told. 3t 7 —s eae 
The water -vepo> content of the air variez as a fusction of several factors, a 
particularly the air temperature and the atzospherze pressure. At increasing tem- big. 22% - Adsczptica Eands of Cartco Ciczurdze an che Ausosphere 


a) Baseleacth, »; £) Atsorgtica fictor, % 
perature, the water-vapor content of the air increases. 


f In the lowest iayer of the air, a certain quantaty of foreds= i=7urities is : thea iefrared cays ;ass ihicesh the atucspbere, ticy are selectavely azsorzed 
always present, which say Le minute suter droplets, produced ky condensation of Ly czone, cartca dioxide. and water vapor. The cearce of sisorptica is defizad ty 


water vapor, smoke particles, dust particlss of crgsaic or p2neral oma, anc tac- the etsorpeica fecter 8, whick characterzzes the rttcenetice of the rediatica whee 


~ teria. at passes through 22 etaospheria taver Gf cart thichaess. A omter of exoirical 


The state of the ateosphere chen the predosanant isparities are solid particles, and sesi-eapimcal forzalas have teea proposed for its caicelatioa. 


lake dust of smoke, as colled haze. The absorptive power of o2one aay te neglected, sisce the ferceatage coatert 


Various degrees of concentration of liquid partacles (water droplets) lead tw of ozone za the lowest layer of sar 18 resagerficaat, except for a ceriod folicszag 


™~ 
— 


the formation of haze, fogs of various densities, clonds, and raia. a thuoderstore, stea the ozone contest cf tke arr is sharply iscreased. Ozooe has 


The preseece of any form of iepurity ia the atwosphere makes it turbid aad alsoaptics tarda at vevelengths of 4.7 aad 9.6 4 
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Fay.225 - Pass-lands of Infrared Haye an the Atmosphere 


a) Wavelength, 4; b) Tranwexaaron, % 
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! Cartes diozsisde 18 characterized Ly r8tease absorptica bands at wevelesgtts of 
2.05 », 2.5 », $2.4, and nartieminrds ac 12.9-17,3 = (Fag. 228). 

Tye latter cf there Lands, together ortS the atsorption tasds cf aater wmor, 

is the cause of tke alsnet totah ebsorptica cf ratrared cava ty the ssonschere, Ce 


< pinning at 14-28 u. The absorvtieve action cf cartca foxade 1a the first too pasts 
b i - 

& 

6! 
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bug. 225 - Abaneption Paads of Oster Vaper, Carica Liosde 
aad Omeae 
a) Savelenet?, -; £} Atsorctioo factor, = ¢) Bster vapor; 
u} Cartes diaxade; e} Ozone 


of the spectrea ssw Le ciszegarced, siace its costsst 12 tir 13 eeall relative to 
that of water sapor, shale eater vapor core strcezly atsocts iafzared rays. 

Yster vapor ia the greetest aisorier of rafraie] ravs esd kas ratetse ab- 
sesption kends at rarioas sacelengths. Consecceatly, the aksorptioa has « selective 
character, 1.e., 1t prasarily affects certais ferticas of the spectran. Tar 


strengvst ansnrptres boots of water or are the follasise savzlezath regioan (the 


 siemves andicate the coetars of tke tands): 0.94, 1.13, 1.33, i.%, 1-87, 2.64, 
3.18, $.95, 1.7, 22.6, 13.5, aad 14.3 ue 
In these portions cf the spectrm, the exeryy of the infrared ravs ;23s18g 
ikroogh the augo:pbere is etsorted to & ceusideretie exteat. Aloagaide of the ab- 
serptrea Lands 12 water <apor rhere are siso pass-Lacds, througa shick the enerey 


ey of the refreted rays passes withoct appreciable absorp tioa. 


Figure 225 shows the pass-taads of iafrared rays 10 the ataospkere, 10 the 


lppqeatarr nace ans Gennes aa pene Satu TEM UA Wena Serrano mar wee SY ae See ee 


1-1$ . reelea. 








STAT 








Oe Ween aviacebins Mie ce es 


Declassified in Part - Sanitized Copy Approved for Release 


a ee hy we ee Been. duties setae ete ¢ 


we ee 


tee “Re ‘ --- - - -_— « = - ++ - % ms 





@ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 







Declassified in Part - Sanitized Copy Approved for Release 


na e a 
o 67 Be De 


ey 


oi; 


As will he seen from the frcure, 20 the wavelength Po ghous of i- 


1.6-1.75; and %.1-2.4 b, the tranonission reaches 80%, end in the region 3.4-4.2 » 


—— © emememe ans © 2 


it exceeds 90%. In the 8-12 utand, the average tronsersszon extends from 60 to 70%, 


and for anse lines exceeds &0%. 


The location of the absorption zones of water vapor, carton cioxide, a." ozone 


z. 


is given in Fig.226. The relatove vaiuea of the aksorptica tsnds cf thzse cos- 


ponents of the atsosphere are taken on sa arbitrary scele, ssmce their perceatege 


content in the atsosphere varics. 


Section 113. Aitesuation of the Flux of Infrared Rays Due te Stave tina 


When infrared rays pass throngh a layer of atmosphere contazaing siceie sus- 


pended particles, ehsse refractive index differs from that of the aedium, part oi 
the radzant energy 18 scattered in all directions by the molecules of arr. This 


phenomenon 13 culled molecular scattering. The work of the prozinent Sovzet 


scicatist, Acadepician L.I.Vandel’shtes, hes choen ther the inhemngensitces of the 
C atmosphere, causing the scattering of the radiation energy, sre accuzulations of air 
nolecules of various density, due to the chaotac tnermal notion of the solecuics. 


According to theoretical studies, the scattering of radiant energy ty particles 


shote dimensions are scall with respect to its wavelength, is inversely proportional 


acqattersag > 


“to the fourth power of the wavelength. Consequentiy, che 


decreasing zaveiength. The energy scattered b. surb nerticles can te detined ty 


= the scattering factor ¢°, characterizing the degree of attenuation of the radiatica 
in unit thickness of the atmosphere, as a resalt of soteraction of the radicat finx 


with the molecules of the medics, resulting in a redistritution of energy: 


K*tnt — 1)2 
oNh® 


e° 2 (1 * cos%@) 





- here n * refractive index of the particle substance; 


- ON * pusher of narticies ia unit volume; 
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Y * anate betcees darection of the iaridect rsy and directic® of the scattered 
rey; 
A * wavelength. 

The scuricianu factcs depends on the angle 0 and ca the erceerties of the medi- 
us. It folloss froa eq.(2%) that at 3 * O° and 160°, the scattering reaches a saxz- 
The total attenuation of the energy I of the infrared save in « iayer of ataos- 
phere of thichnesn +, 4° *9 the scettering of enercy ane rts absorptioa, 1s char- 
acterizea tv the attecuatiaon (extinction) factor K°. 

The attenuatioa factor 1s the cuantaty ottaaaed Ly adciog the daffcsica and ab- 
torption factors, and 18 of a dizension iaverse to the leagtk, for exasple [Ar 

Yo detersine the attentation factor, ee may ase the forrula 


es fF 
e 


(231) 


-Kk°: «= -(3re°} 
e Ie . 


ttere I, * energy of radzatica kefore passing a layer of thickness x; 
T © energy of radiazion aiter pasaizg the layer; 
e * tase of oatural Icgarithas. 
Equation £231) is known as the exponeatial law of attexaation of exergy. 
The relation betwcea tke lunamous intensity and Jirect2o0 of the crffused rays, 


- for particles of var1roas sizes, is shows ia Fig.227. This daagram shows the is- 


«eae 


dacatrices of diffusion constiuctsd 7 Professor V.\.Staleybia for pacticles with 


progressively increasing dicaeters (a, bt, c, d). The Satehe-d ¢ rt shows the pro- 
portioa of pularized rays, i.e., of rays vibrating ia a certaia defiaite directioa. 
With iacreasiag site of the particles, the iadicacsaces teqne asyzsetric aad 


elongated as the forward direction. Ina the case cf large-sire particles, the for- ; 


ward scatteriag {i tke directioa of the arrow) xay te 10 tr~-s +s grees rs the 


Lackwerd scattering. The angle of ~:siauns scetteriag @ ty sasil particles is 9°, 
aad ky large particles 170°. The proportzon of polarized light decreases wit’ ia- ‘ 


STAT 
239 








oe 


aw oe ee were ee BN 





Declassified in Part - Sanitized Copy Approved for Release 


ww ere mee se ee om Oe reee + - 


@ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 


- 26 oe 


awe ee 


~- 


ee tet owee ~ oe 


— we en O ee MEE OF ~~ 


ewe + 


een ee tee 


Meret 


creasing perticle diaseter. 


In addition to scet2ering Ly air solecules, there 1s also scattering ty water 


drenlecs formed in the atxosphere by cordensation uf water vefor on covling of the 
@ b é a 


{ i 
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fig.2°7 - Indicatrices of Liffusion 


air, and by particles of the iepuritaes present in the ateosphere (groved dust, haze, 
and sont). The condensatoon of water vapor requzres particies tiet caw serte 23 
nuclei, or centers of condesssticn. Particles of dust, heee, the salts ium 


chluride and ragneszum chloride, aa well as atzospheric ions, may serve as such 


nucle: of condensation in the atrosphere. 


(_- 


"strongly turlid atcosphere thear nusber reaches 150,000 per cm’. 


The nunter of condensation nuclei ip che sir varies Qver tke surface of the 


ecean, the nupter of nucici is 120-150 pez ae”, over large industrasl ceaters sith 
3 

The owsber of condensation nuclei in a definite volume of air detersines the 
size of the particles formed on the condensation of watez vapor. When the azaber of 
nuclei 13 large, very minute particles are ottained, with a diezeter of atout 
5 x 10°5 cm. Such particles form haze. 

Experimental data show that haze leads to a certain attennation of infrared 
rays. Thus, for example, over a disteace of 10 kw, the attenuation of infrared rsys. 


of a wavelength of 3 & erounts to not more than 0.013%. 
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In the presence of haze, shea the tis2bility does not need | ke (ior warble 
rays), the use of rafrared rays gives an advantace of & factor of atout 2 to 41” 


tange of visatility, Ly coeparason osth the sange for visible reys. 


" Sectaen 114. Passaze cf Infrared Favs theough For 


qt) 


Inveatigaticos on the rasaacs of infrared cava chrocgh sctaral and artifseial 
wists frequently lead to contradictory results. this se explaine] ty the differear 
conditicus under shich the cessarenents ere aade. 

The coaditioss of passage cf ianfrared rsvs throuch fog on ary land differ froe 
the conciticns of passage through fog ovie ss ccean surface cr a coast. The com- 
position of foe 1a a cixy, and especrally sa a large center, differs ereativ fros 


_ 


| the ccerosition of a fog ie the fieids, 





outsize the cacy, ete. The conditions 
i of sassage of isfrared rays through 


feeds ee natoral aad artifieral fogs alee differ 


ft | | | 
awgswHeHs ww 
- Fig. 2% - The Scatteriac Function k* 
Ho strated Ly tke fact that two ceasure- 


conarzerably. It is azpossitle to cro- 


duce a stable artiiiczai fog. The ia- 





stability of suck a fog can Le demoa- 


_ 


ments, separated ty only a short tise isterval, vield entirely daffereatly reselt». 
_ Despite the difference ic tse literotare data, a ounber of usefal cooclusions om tke 


 pamsage of infrered rays throagh fog cam be draw. 


mente wantee UR Cet ee 


Passsee of Inirnred Favs through Nataral Fogs 





A state of the ateosnhere saturated Ly cater cropleis at which tke sisibriaty 


le eeatude tah Ow 


~ psoge (for vasskte sess) docs act exceed €00-1000 a, 18 cailed fog. “atural fogs 


on 


{ ' ~ are formed as a cecalt of currents of warm soist air f?:vicg over a cold sacface, or 


2 
as a result of tke cooling of the locest leyers of air due ts the rapid cooliag of 
@ 
the es: after sunses. 
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Natural fogs are tuldivided, avcocding to the character of their formation, ine On the Lasis of these formulas curves were construct«d (Fig.223) that express 
t 
to antramass and frontal. Intromass fogs are in tutn suidavidea into radiation fogs the retstion Letween ko and a quantity 
and advective fogs. is 2Kp 
iiadsatiun fogs occur on strong cooling of the carth’s surface due to thermai x 
Q radiation in clear weather, causing the air to Lecome supersaturated and anisture to ee The diagram shows that the curve h' © £(2) has maxima at @ * 6.2 and 1 * 15, 
a> 
condense. end a cinieum at @* 11.2. Affer seaching the sextsum velue of k' at a * 15, the 
Advective fogs are formed on invasion of a esi moiat air fiont into a zone of cuave aaucthly descends. In the regivi uf waxrqun vaines of 4 scatterzag of short- 
lower temperature. wave rays exists and at its winicus value, scactering o* loag-wave rays. 
frontal fogs occur on the displacement of a fiont uf air casses in air mith a ahs nubervcal: euluessof-k? aad 6are given aw lable 4%: 
high moisture content. 
‘ Table 47 
° As a result of studies of the passage of i1nfzared rays through naturel fog, 
: Values of @ and k' 
forrulas were proposed for determining the br:;btness of rays that have passed 
¢ t z ' 
through a layer of thickness x, and to determine the scattering factcr es a function k | a | k | a | & | a | k 
of the redius of the droplets. | il 0.87 20 1.38 
: ‘ : wh.2 
If the originai intensity of a ray is I,, then afver passage of the ray through | 2 
Poa * 
: ‘ 
| a fog 1t will decrease to the value a 13 l 
15 : 
2,8 
[sete eee (232) 
eo S a € o ® 
The scattering factor €* can te calculated from the valucs ui ho givea 1m 
where 9 * radius of droplets; _ Table 41. 
it * auuber of dcoplets in 1 cm? of fog; - The curves of <* ° ff£4), given in Fig.279 were constructed for various particle 
Ve cee 
e * bese of natural ivgari thas; radii 0, measured in centimeters for vavetengths up to 10M u. It wilt ke seen from 
L's eo Furetion dpending on the drapler radius aad on the waveleaxth. Fix. 229 that, for the sherter wavelengths, the sc ttering is deterzjned only ty the 
If the refractive index of the medium isn * J, the value of k’ will be pro- radius of the particles and is almost indepeadent of the wavelength (provided that 
e portional to the diffusion factor the wavelesath is considerably less than the radius of the perticlen) Maziees 
_- ewe eat (233) scattering takes place when the wavelength equals the radius of the acetterinz pare ; 
( (\. ticles, ‘ 
- 1.@., for fog with partacl<s uf a radiua of 9 * 0.5 u, the slope of the curve for 
Ve 
® 
ee (234) ; 
anp4 STAT} 
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: . longer wavelengths (atc=* 2 4). For parcacles of still greater radias, the scatter- 

the ceefficient k’, az a function of the wavelength, 18 given in Fig.23. Otviously, 1 
i 


ing saxiza are shafted still further tovard the 'ong-wave jutizon uf che spectrur- 
Leginning with the reson 0.5 3, the diffusion of long waves Gecreases, 1.€., the 


transporcacy increases. For partaicts= of a rsdius of 9 * 1 u, the reduction an dif- 





fig.220 - tebsation Letssea the Scatteriaw function k" and che 
Bavelength fcr Yaricus Sizes of Fog Creplets 
2) Baveleroth, 4 
On the basis of Figs. 22) oad 230 ehe felloszae ccaoclasicos cen te desea 
The scatic i i J csrazly | ti the scattering of 
ive Seattesing Ul rimicated cavsS 28 COOSIC:PraLly ters tne g 
sisitic revs at a redins of the scattezing particles not exceecing 0.4 4; 


Port cf she infrared say> (t+ loag-wave caes) ete scatterec less than visitle 


- ~ 


3 heed Be 
BPBat ii ts @ $ 67 95KNI2 


Fig. 23) - Passage of Infrared bays through a Sataral Light Mise 
a) Daveleagth, u; £) Transsisatca, % 


a 


eo 


| 
2 





@ S02 OOS Of a) Bsus FR wot 
Fig. 229 - Curves for the Relation ¢' = f{ ) at Yarious Sizes ” paya xf the radius of the particles does aot exceed 2 41, 
/ of the Fog Droplets 


If the radius of the scattering particles is sore thaa [C t, wavee longer thee 
a) Bavelcayth, u 


wi! 


19G0 u, i.e. arllieeter radio waves, sill pess without excessive scatteriag. 


my 
73 


fusion end the increase in transparcacy take place beginning eith the region ! 1». \ Consequently, whea iefrared roys pass through en atzosphere of reduced traa2- 


For particles of a radius of 9 * 2 4, the masimum scattcziag ac shifted toward pareacy, the size of the mist droplets 1s of decasive importance. 


STAT 





HS 








% on fe oe ork 0) wy ont) oe Bes eras Sn + -o = 0 Fat Neem @ oA EO anes Omer 8 me A ee - ent eee ees 


Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 











Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/27 : CIA-RDP81-01043R002800190001-6 


e 
» 

a 

© 
« 


6 


eee 6 ee rn 





























a a ‘ 
Te f 
Fixure 23] shows the curve of cransmisszon of infrared rays Ly a natucel light erll be seen frox Tatle 48 that the permestility of fog for infrared rays 10 
: : ' high > 5 ‘ = 
mist of optical density 0.14 per kilometer. The graph acticanes thet, in a Taghe kher thaa for visitie rays, aad that infrared rays are transcitted sore readily 
22, “yt cist, the transrission of infisied isye 18 Table 48 
as high os 90% 10 the 3-4 u icgicn and as 7 Perneabsisty of Fog in % for Infrared Pays (After ‘nderzcn) 
1 * ee - 7 ' ‘ t : 
ry eque! to 100% in the %§-12 wu zepron. The Varelercth I | | | | 
‘ ‘ 
: : ' 
eviating abeorption Lande arc due to water hat ed : v.49 ' 0.83 9H $ 9.7% fF O12 Ff 1652-2 
oe Sn et : 
vepor. i ; 
Pe L Gt wall particles | 32.5 32.5 | ” | 4 0G | e3 
Thus, in a aist, no iocresse of trans- | ° large particl:s | # | 39 | 3% a a 72 
, j —owumen? ea NS ee - weet 
perency con be espected ior the near 1a- 
through for of crail particles thea throceh foe cf larze part‘cles. 
fSrared rays, cue to the fect that, a3 a 
tule, the particles of mist Lave a radigs Section iso. Iransoorency of the Atszosphere for Jafrared Favs 
wll ~~ rteater than 3-5 4. As a resolt of several ceasurezents of the transparcacy of the utacsshere, 1% 
-"§ 9 8 29.5 3S 49 45 
a) The radix of wist droplets vary over has teen estabiished that, near the earth’s surface, the ataosphere 18 sore trans- 
Fig.232 - nelation Letween Nucber of d (65870 Ae S0 kt hae ade 
Deoplets per cm? of Mist and hear 2. FIRE FBR: SECS e 6 RE CIOL ASLS pareot for infrared rays thas. for visitle ravs. The resalts of the seasuresents are 
Size of a rading greater tian 25 u are ea- - &2:72 ta the fors of cuxves, in Figs.233 aad 234. 
> a) Radius of droplets, u; b) Nusber of oe 
Z particles per ca! countered relatively seldom. The elove esterisl percits c.rtain conclusions as to the atility of anfrared 
- Vast droplets of a radius of 60 u and bays’ Lo paak Wheceednche ateosphere: 
- above change into z:ain drops. " osurements in heavy fogs, with visibility not ex- 3 TacRhe- Gabe ok ac tanec arene atau hece ead Blea an preskaceict hase ane sent 
_ ceeding 2000 , show that the most frequently encountered mist droplets have » ra- mist, shen the range of visibility is above 1000 ms, arirared ravs of wavelengths up 
2 dius equal to 4 4 (Fig. 232). “te about 1.5 u are transaitted considerstiv tetter than vizille rays. This is ex- 
— ‘ : lained t fs he cedi th tt articles 1s consideratly leas 
Passage of Infesred Hays through Artificial Fogs P y the fzct that the redius of the scattering p y 
ibaa lu. 
Ya 1930, Aud studied the passage uf visible and infrared rays through aa = 
ae Eee : : Ia a heavy fog, where the vasstility range 18 less thaa 300 =. iefrared raya of 
i fi ist. { filters, he isolated the bands 0.7-1.2 u aad = 
abe faces vequecus) eres: ydeans oh ire lke . sateleugths cp to 1.5 » are completely absuurted, since the racius of the scattering 
. luded determination of the absorption as a functica of 
; TGse2 dup <Any prebies sneiunedce rerticles 1s sore thas i 4. inirered rays of saveleagths from { to 12 u, depeadiag 
i f the mist particles. ; . ; 
¢ ; COncRaceatien end the e426 2 me R = on the hand of fog and the character of the particle-size distritutiom, may pass 
: As gives in Talle 4. ’ 
. - Ther datarobeerned by. Aadersoa ar epiee> " getter than visible rays, af particles of szzes saaller than ihe wavelengths of the 
nartacles 1n a fog, together with large particles : ; 
Thus, the presence of saall rar ° ® . ° traneaitied cays passing predooiaate ia the sist. 
make the fog more transparent for infrared rays than for vaazble reys. ae 
07 
| 
la Wree- as ~e ae an = Ess ate a ~- - ewes - -« - — ame : 


ce ee re CO we a tle DoD 


‘ a i - . - 
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In artificial mists, in which the radius of the particles usually does not exe 


ceed 0,2-1u, infrered rays pass better than visille rays; for vevelengths of 2 u, 
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Fig.233 - Transparency of the Atmospiere at Variovr 
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they peas wore then 20 times Letter. However, it must Le borne in wand that, 18 
ast ficial arsts, the particle radius increases in tics, caneiog the passage of ia- 
frared rays to Lecome more difficult. 

In rain, shen the aininun partacle radius 18 approxzaately equal to 469 B, ine 
frared rays have no adveatases in tranamiasion since scattering ro longer depends oa 
the wavelength. 

On the Losia uf iner= caoclunrena, the powerraliry of verng intrared rays usder 


various atsospheric condittons can Le estiaated. 
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1" Altitudes for Infrared Rays: ~ 
° 2 ftete al st aes 2 = Altitude 2.5 ke 
a) Wavelength, u; bh) Transparency, * 
; GOSTEKHIZLAT (1942) 
; _ 
ae 
_ 90 
b) 
| as 8. Ivenon,A.P. - Loc.Cit Pare II 
! 
a 10. = 
( ONS Ww M00) aie SoM? KES) 0D an 
4. 
Tig. 234 - melation between Transparency of the Atmosphere 
for Infrared Hays and Altitude 
a) Altitude. o: b) Trananarency. & 
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